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Non-wovens are of emerging industrial and research importance due to the
characteristic high surface area, high porosity, high damage tolerance and low
cost. Despite wide applications, predicting non-woven mechanical strength and
toughness remains a difficult task. One difficulty is that non-wovens usually
experience complex microstructure change at finite strains, which involves a
combination of fiber stretching, fiber bending, fiber rotation and bond break-
age. Another challenge comes from the lack of effective experimental method
to characterize interfiber bond properties. Moreover, the fiber deformation in
a non-woven is non-affine, which is different from a classical continuum solid.
Modeling microscopic fiber deformation and bond fracture within a continuum
mechanics framework is not yet well established.
This dissertation contributes to understand non-woven damage mechan-
ics and to model non-woven mechanical behaviors at finite strains. First, we
present a series of mechanical tests with in-situ X-ray imaging on three versions
of non-woven with different areal weights. Experimental results revealed that
(1) the decrease in the number of bonds in low density materials was signif-
icant, and drastic damage occurred at a lower strain than in the high density
counterparts (2) no significant fiber orientation change was observed before the
peak load in high areal weight non-wovens, which suggests that the inter-fiber
bonds provide strong constraints on the network structure and limit fiber ro-
tation. Second, we present a novel combined experimental and computational
approach to extract bond strength. The method proposed in this work carries
the dual advantages of characterizing actual bonds in a non-woven and charac-
terizing hundreds of bonds simultaneously. Third, we present a micromechan-
ics based damage model which is built upon modeling single bond breaking
process and linking local damage events to macroscopic behaviors. The model
is able to reproduce experimentally observed behaviors include elastic slope,
non-linear hardening slope, peak load and damage localization under uniaxial
tensile loading as a function of network density. The proposed model bridges
non-woven microstructure and macroscopic behaviors and thus can serve as an
effective tool for future studies of the mechanics of fiber network materials.
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CHAPTER 1
INTRODUCTION
1.1 Non-woven materials
Non-wovens are a material class that encompasses all fabrics not manufactured
by a weaving or knitting process. From a geometric point of view, non-wovens
are random fiber networks in which contact fibers are bonded by different bond-
ing techniques. Non-woven materials have advantageous physical properties
including high porosity and high damage tolerance, hence have been widely
used in fields including energy, water, ballistic protection, tissue engineering
and medical disposables (Ahmed et al., 2015; Liu et al., 2013; Yoon et al., 2008;
Huang et al., 2003; Russell, 2006). The manufacturing methods for non-wovens
are versatile, and the recent advancement of electrospinning technique opens
a new avenue for manufacturing multifunctional polymeric non-woven felts
(Greiner and Wendorff, 2007). Non-woven constituent fibers can be made by
a broad range of materials. Based on different applications, glass fiber, metal-
lic fiber or polymeric fiber can be used (Greiner and Wendorff, 2007; Ridruejo
et al., 2010; Yuranov et al., 2005). Typical bonding techniques include thermal
bonding, needle punching (local entanglement) and application of external ad-
hesives (Choi et al., 2004; Jearanaisilawong, 2008; Chen et al., 2016b). In ad-
dition to versatile manufacturing methods, non-wovens are excellent materials
from the perspective of flexibility in material design. Fiber material and bond-
ing types, as well as network microstructure (including fiber layout, fiber sizes,
fiber densities and bond densities), have direct influence on non-woven me-
chanical behaviors as a bulk (Picu, 2011). All these features provide a rich set
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of design parameters for engineers to design non-woven materials with desired
functionalities or mechanical properties.
1.2 Non-woven mechanics
Non-woven mechanics is a study of the relationship between network mi-
crostructure characteristics (fiber behaviors, bond behaviors and fiber layout)
and macroscopic mechanical behaviors. In this section, I will review some re-
cent advances in the non-woven mechanics field from both experimental and
material modeling perspectives.
Material scientists have found that processing conditions, like fiber extrud-
ing speed, bonding speed and bonding temperatures, directly influence non-
woven morphology (fiber diameter, fiber curvature, etc.) and mechanical prop-
erties (Andreassen et al., 1995; Bhat et al., 2004; Lee et al., 2008; Michielsen and
Jain, 2010; Pai et al., 2011b). For thermally bonded non-wovens, there is an
optimal temperature for material strength. Material strength increases with
bonding temperature due to an increase in bond sizes, but decreases beyond
the optimal temperature due to premature failure of fibers at fiber-bond inter-
faces (Michielsen et al., 2006).
Researchers have been using experimental techniques to characterize non-
woven macroscopic mechanical behaviors and monitor microstructure change
with deformation. These experimental efforts provide important information
on non-woven micromechanics and valuable data for material model develop-
ment. Conventional tensile tests revealed that the mechanical behaviors of some
polymeric non-wovens were sensitive to temperature and strain rates (Jubera
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et al., 2014). Some non-wovens had anisotropic fiber layout so their mechan-
ical behaviors were found sensitive to loading directions (Jearanaisilawong,
2008). Fracture tests showed that low fiber density non-wovens were not sensi-
tive to stress concentrators (cracks or notches). This notch insensitivity behav-
ior can be explained by the fact that long fiber segments transmit load away
from the crack so the severity of stress concentration around the crack-tip is re-
duced (Ridruejo et al., 2010, 2015). Macrosopic testing does not provide much
detail on non-woven microscopic deformation mechanisms. In order to moni-
tor network microstructure change with deformation, researchers incorporated
advanced imaging techniques into mechanical tests. Micro-computed tomogra-
phy (µCT) generates a 3D image of a material and has been successfully applied
to a variety of non-wovens such as paper (Isaksson et al., 2012), gas diffusion
layers (To¨tzke et al., 2014), and needle punched (Jeon et al., 2014) and point
bonded non-wovens (Demirci et al., 2011). Changes in structural parameters, in-
cluding pore size, fiber orientation and contact efficiency, have been computed.
X-ray diffraction (XRD) experiments on fiber networks with crystalline fibers
probe for information such as orientation distribution changes. The anisotropic
fiber realignment behavior of a needle punched polyethylene non-woven was
revealed through XRD in recent works in Martı´nez-Hergueta et al. (2015, 2016a).
Non-woven material models can be roughly divided into two categories:
discrete models and homogenized models. For the discrete modeling strategy,
each fiber and bond are modeled explicitly, using finite element method. Such
discrete network models have advantages of capturing detailed load distribu-
tion and deformation profile of a network structure. Discrete network models
have been used to study the effects of microstructural features (fiber density,
fiber length and bond density) on macroscopic mechanical properties (Ridruejo
3
et al., 2010; Heyden, 2000; Bronkhorst, 2003; Kulachenko and Uesaka, 2012; Jin
et al., 2013). It has been found that fiber density plays an important role in the
mechanics of fiber network materials. In high density networks, fibers deform
nearly affinely and individually deform axially even under local compression.
In low density networks, fibers deform non-affinely and bending mode domi-
nates (Wilhelm and Frey, 2003; Shahsavari and Picu, 2013a,b; Chen et al., 2015).
Though discrete network models capture detailed physics, they are not com-
putationally efficient. Homogenized models are useful for large specimen sim-
ulations. In the pioneering work of Cox (1952), two dimensional non-woven
small deformation elastic properties were derived theoretically assuming that
each material point is an assembly of long straight non-interacting fibers. The
load response of a material point can be calculated as the sum of loads car-
ried by each constituent fiber scaled by fiber density. This concept was later
extended to three dimensional and finite strain cases (Narter et al., 1999; Planas
et al., 2007). In recent years, many researchers have worked towards incorporat-
ing different aspects of micromechanics such as fiber undulation, fiber bending,
fiber re-orientation process and local entanglement into homogenized modeling
frameworks (Pai et al., 2011b; Silberstein et al., 2012; Raina and Linder, 2014;
Martı´nez-Hergueta et al., 2016b).
Non-wovens experience progressive damage under external loading (Isaks-
son et al., 2006; Ridruejo et al., 2011). The damage comes from either inter-
fiber bond fracture or fiber fracture. It has been found that interfiber bond
damage usually starts accumulating at small strains and affects both mechan-
ical strength and elasticity degradation. Therefore, a good understanding of
bond damage mechanics is beneficial for modeling non-woven mechanical be-
haviors. Experimental techniques, including acoustic emission detection, in-
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situ SEM, and in-situ computed tomography have been used to monitor bond
fracture with deformation (Isaksson and Ha¨gglund, 2007; Ridruejo et al., 2011;
Chen et al., 2016a). Discrete network simulations have been used to study dam-
age evolution laws (Astro¨m et al., 1994; Ha¨gglund and Isaksson, 2008; Abhilash
et al., 2012). Isaksson et al. (2004) developed a constitutive model to capture
anisotropic plasticity and damage evolution in paper materials. The parame-
ters in the damage evolution law were obtained by fitting to uniaxial tensile
experimental results. Ridruejo et al. (2012) used a phenomenological damage
evolution law to describe the effects of bond fracture on the load carrying ca-
pacity of a fiber.
1.3 Challenges in non-woven mechanics
A good understanding of non-woven mechanics and having predictive material
models at hand would greatly benefit non-woven material design. However,
there are some challenges in achieving these two goals. One challenge comes
from the complex deformation mechanism of a fiber network under finite de-
formations. Non-woven elasticity has been well studied in the past 60 years.
But beyond the small deformation region, the deformation mechanisms be-
come more complicated. Significant structural change, including fiber stretch-
ing, fiber bending, fiber rotation and bond breakage, is involved. We need a
clear physical picture of the coupling between fiber deformation and bond frac-
ture, and the relationship between microstructure and deformation mechanisms
to build physically sound material models.
Another challenge comes from a lack of experimental methods in charac-
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terizing bond strength, which is an important input of material models. Pre-
cise characterization of bond properties is a difficult task, since non-wovens are
composed of fibers that have diameters on the order of microns or less. One
strategy for determining bond strength is to directly test individual bonds with
either a specially designed tensile testing apparatus or an atomic force micro-
scope (AFM) (Torgnysdotter et al., 2007b; Schmied et al., 2012, 2013; Kulachenko
and Uesaka, 2012). For these kinds of experiments, individual fiber-fiber bonds
were made independently rather than extracted from a non-woven. Whether
the result reflects bond properties within actual non-woven product needs fur-
ther proof since the fabrication process of a bond specimen might be different
from the actual manufacturing process. Further, testing individual bonds one
at a time is laborious. As an alternative strategy, peel tests are efficient for
characterizing hundreds of bonds at the same time (Koubaa and Koran, 1995;
Yousefi Shivyari et al., 2016). Peel tests provide Mode-I interlayer bonding en-
ergy in layered non-woven materials. An average bond energy can be estimated
considering the number of bonds on the interface. A drawback of this method
is that individual bond strength cannot be determined. Considering that bond
strength usually has great variance (Schmied et al., 2012, 2013), it is important
to have a detailed description of bond strength distributions.
Apart from complex deformation mechanisms and a lack of bond strength
determination method, incorporating non-woven micromechanics information
into a homogenized material model is another difficult task. As mentioned in
Section 1.2, discrete network simulations capture all micromechanics features
but are computationally heavy and can hardly be used in real world applica-
tions. If we choose to model non-wovens within a continuum mechanics frame-
work, we need to be careful since fiber (microscopic) deformation in network
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structures is non-affine in contrast to classical continua. The linkage between
macroscopic mechanical behaviors and microscopic deformation (fiber stretch-
ing and bond breakage) has not yet been well established.
1.4 Organization and contributions
In this dissertation, I focus on studying the following three topics: (1) elucidat-
ing non-woven deformation mechanisms at finite strains (2) providing an effec-
tive and efficient technique for characterizing interfiber bond strength distribu-
tions, and (3) building a micromechanics constitutive model to capture damage
evolution in different density non-wovens.
The non-wovens that I used throughout this dissertation are from Dupont
Typar geotextile series. The three investigated non-wovens, SF20, SF32 and
SF65, are differentiated by areal weight and fiber volume fraction. Both quan-
tities increase following the sequence: SF20, SF32 and SF65. All these materials
are made by long continuous polypropylene fibers with 40 µm to 60 µm di-
ameter. The fiber segment length (bond-to-bond distance) of these three ma-
terials are approximately 0.24mm, 0.19mm and 0.13mm, respectively. It has
been found that specimen size has strong effects on non-woven mechanical be-
haviors (Shahsavari and Picu, 2013b). In this dissertation, I used 9mm×27mm
size specimens for macroscopic mechanical characterization. The results of
this size specimens are found to be reasonably representative of bulk materi-
als. 2mm×2mm specimens are used to obtain bond strength information. The
mechanical behaviors of this small size specimens are very different from bulk
materials. The tensile responses of 2mm×2mm specimens are more similar to
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stretching individual fibers since typically several fibers will span the entire dis-
tance from grip to grip. A more detailed discussion of size effects on this type
of geotextile is included in Chapter 2 supplementary material 2.5.
The organization of this dissertation is detailed below.
In Chapter 2, we present our experimental observations of deformation
mechanisms in the Typar non-woven series. We incorporate two X-ray imaging
techniques into conventional mechanical tests to monitor network microstruc-
ture change with deformation. In-situ micro-computed tomography was used
to image the 3D microstructures at different strains. We found that the num-
ber of bonds and volume fraction decrease in low density materials were more
significant than high density counterparts. In-situ X-ray diffraction was used to
track fiber orientation evolution in both monotonic tensile and stress relaxation
tests. It was found that no significant fiber orientation change was observed
before peak stress in high areal weight non-wovens, which suggests the inter-
fiber bonds provide strong constraints on the network structure and limit fiber
rotation. This work reveals the importance of bond damage on the deformation
mechanism of non-wovens and provides thorough microstructural data sets for
the model development and validation.
In Chapter 3, a novel combined experimental and computational approach
to extract bond strengths is presented. In this method, a small specimen is im-
aged and the obtained 3D geometry of the network is directly modeled in a finite
element framework. Bond properties are determined by matching the finite el-
ement simulation predicted mechanical response to the experimental data. This
method is demonstrated by applying it to a commercial polypropylene non-
woven. Validation of the obtained bond strength values was conducted with
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larger size artificial network simulations and peel tests. The proposed method
in this chapter carries the dual advantages of characterizing actual bonds in a
non-woven and characterizing hundreds of bonds simultaneously. The method
can be applied to a variety of non-woven fabrics that are bonded at fiber-fiber
intersections.
In Chapter 4, a micromechanics damage model for non-wovens is presented.
The model is built upon modeling single bond breaking processes and linking
local damage events to macroscopic behaviors. In this model, a nonlinear term
is introduced to describe how the non-affine deformation of fibers results in
loading of a bond. The traction load on a bonded interface is determined by
considering local force balance and network constraints. A bond breaks when
its traction load exceeds a critical value, and this local information is used to
update the global damage state through a classical continuum damage mechan-
ics framework. Spatial correlation of damage in a network structure is modeled
using a non-local averaging scheme. The proposed model is applied to the Ty-
par non-woven series as an example application. The proposed model captures
elasticity, non-linear hardening, peak load and progressive degradation after
peak load in different density non-wovens. Damage states predicted in numeri-
cal simulations match well with the in-situ imaging results presented in Chapter
2, demonstrating the predictive capability of the model.
In Chapter 5, I conclude my dissertation with thoughts on future work.
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CHAPTER 2
IN-SITU X-RAY STUDY OF THE DEFORMATION MECHANISMS OF
NON-WOVEN POLYPROPYLENE
2.1 Introduction
Non-wovens are fibrous materials manufactured without a weaving or knitting
process. A typical non-woven consists of a set of fibers oriented according to
a manufacturing process determined statistical distribution. Due to versatile
manufacturing methods, high porosity and high impact absorption capabili-
ties, non-woven materials constitute a rapidly growing portion of the textile
industry, with demonstrated applications in a variety of fields including energy,
water, ballistic protection, tissue engineering and medical disposables (Ahmed
et al., 2015; Liu et al., 2013; Yoon et al., 2008; Huang et al., 2003; Russell, 2006).
Non-woven mechanics are complex and still poorly understood due to the ran-
dom nature of fiber distributions and their evolution under straining (Picu,
2011). A better understanding of the relationship between microstructure and
macroscale mechanical behavior will improve and accelerate the non-woven de-
sign process.
The relationship of non-woven elasticity to microstructure and constituent
material has been established with increasing fidelity over the last 60 years. In
pioneering work conducted by Cox (1952), the elastic properties of a fiber net-
work consisting of long, straight, non-interacting fibers were established to de-
pend on the initial fiber orientation, fiber cross-sectional area, and intrinsic fiber
elastic modulus. This framework was later extended to 3D fiber orientation
distributions (Narter et al., 1999). Later studies revealed that initial fiber cur-
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vature and fiber bending can both significantly influence elastic network prop-
erties (Wilhelm and Frey, 2003; Shahsavari and Picu, 2012; Pai et al., 2011b,a),
decreasing stiffness and increasing in-plane Poisson’s ratio. Sparse networks
with high fiber length to diameter aspect ratios tend toward bending-dominated
rather than stretching-dominated elasticity (Wilhelm and Frey, 2003; Shahsavari
and Picu, 2012).
The relationship of non-woven mechanical properties to microstructure and
constituent material under large deformation remains challenging to establish
due to the combination of fiber deformation, fiber orientation, and fiber-fiber
contact change. Material strength depends on both specimen size and boundary
conditions with long range correlations among stresses in the fibers (Hatami-
Marbini and Picu, 2009; Kulachenko and Uesaka, 2012). Prior work on
thermally-bonded polypropylene non-wovens demonstrated that bond dam-
age leads to extensive fiber realignment. The speed of the realignment pro-
cess results in strain rate dependent failure modes (Ridruejo et al., 2011; Jubera
et al., 2014). In order to properly describe the large transverse strain observed
in high aspect ratio non-wovens in uniaxial tensile tests, fiber elastic-plastic
bending needed to be considered (Silberstein et al., 2012). Bond damage is the
main damage mechanism in paper-like materials (Isaksson et al., 2004, 2006).
Bronkhorst (2003) studied the elastic-plastic behavior of a 2D fiber network and
found that neglecting connectivity through the thickness caused a significant
disparity with experiment results.
One promising avenue to understanding non-woven mechanics is to char-
acterize microstructure change during deformation. Micro-computed tomogra-
phy (µCT) generates a 3D image of a material and has been successfully applied
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to a variety of non-wovens such as paper (Isaksson et al., 2012), gas diffusion
layers (To¨tzke et al., 2014), and needle punched (Jeon et al., 2014) and point
bonded non-wovens (Demirci et al., 2011). Changes in structural parameters, in-
cluding pore size, fiber orientation and contact efficiency, have been computed.
X-ray diffraction (XRD) experiments on fiber networks with crystalline fibers
probe for information such as orientation distribution changes. The anisotropic
fiber realignment behavior of a needle punched polyethylene non-woven was
revealed through XRD in a recent work by Martı´nez-Hergueta et al. (2015).
The aim of this work is to elucidate the deformation mechanisms of a series
of polypropylene (PP) non-wovens and explore the effects of areal weight on
mechanical behavior. Through the application of synchrotron radiation, non-
woven microstructure changes under uniaxial tensile loading were imaged.
Structural information (number of bonds, volume fraction and fiber orientation
distribution) was extracted to quantitatively describe damage progression and
the fiber realignment process. Specifically, µCT was used to visualize the de-
formed material configurations at strains spanning elastic, pre-, and post-yield
regions. It was observed that low areal weight non-woven had more damage
than high areal weight counterparts at the same strain. Moreover, XRD experi-
ments were used to continuously track local fiber orientation changes in both
monotonic tensile and stress relaxation tests. The kinematic constraints im-
posed by bonds were apparent through the limited fiber realignment in high
areal weight non-wovens at small strains. The experimental results also indi-
cated whether fiber bending was a significant deformation mode for each of the
different areal weight non-wovens.
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2.2 Experimental
2.2.1 Materials
The Dupont Typar geotextile series of non-wovens used in this investigation are
composed of PP fibers with diameters ranging in size from 40 µm to 60 µm. The
fibers are created by extrusion and stretched to induce a semi-crystalline struc-
ture. These fibers are randomly distributed and bonded into a sheet by applying
simultaneous heat and pressure (DuPont, 2014). The manufacturing process re-
sults in both isolated fibers and small fiber bundles within the material (Ridruejo
et al., 2011). The three investigated non-wovens, SF20, SF32 and SF65, are dif-
ferentiated by thickness, areal weight, and the fiber-filled volume fraction of the
material (Table 2.1). All three quantities increase following the sequence: SF20,
SF32, SF65. These materials essentially consist of layers of fibers, however most
fibers do cross between layers over relatively short distances. SF20, SF32, and
SF65 have approximately 7, 9, and 12 layers of fibers respectively.
Table 2.1: Material properties of the investigated non-wovens provided by
the manufacturer (DuPont, 2014), where v f = aw/(tρ f iber) and
ρ f iber = 946 kg/m3.
Material Thickness Areal weight Volume
Type t (mm) aw (g/m2) fraction v f
SF20 0.35 68 0.205
SF32 0.43 110 0.270
SF65 0.59 220 0.394
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2.2.2 Characterization of mechanical behavior
A Zwick/Roell Z010 testing system was used to characterize the mechanical
properties of the non-wovens and single PP fibers under uniaxial tension. The
load was recorded using a 10 kN and a 20 N load cell for non-woven and fiber
tests, respectively. Five specimens of each non-woven type were tested to cap-
ture specimen dependent variation. Rectangular non-woven specimens 45 mm
in length and 9 mm in width were tested with the gauge length set to 27 mm.
This gauge dimension was chosen to achieve uniaxial tension while keeping the
width small enough to image with the µCT setup (explained in section 2.2.3). A
limited set of experiments were also performed on larger and smaller speci-
mens with results provided in the supplementary materials 2.5. The width and
thickness of each specimen were measured at three different locations with a
micrometer to determine an average initial cross-sectional area. To create single
fiber specimens, fibers were extracted from non-woven SF20 by tweezers and
then glued on a cardboard template, spanning across a 15 mm cut-out region on
the cardboard. The single fiber had circular cross section area and the diameter
was measured at nine locations under an optical microscope prior to testing.
Force and crosshead displacement were converted to engineering stress and en-
gineering strain by dividing by the initial cross-sectional area and the initial
gauge length respectively. Specimens were elongated at a constant strain rate of
0.00588 s−1 until failure to determine the Young's modulus E, strength σ f and
failure strain  f . Cyclic tests were carried out at a strain rate of 0.00588 s−1 for
loading, unloading, and reloading portions; strains at the start of the unloading
steps range from 0.02 to 0.8. The unloading modulus was calculated from the
first 0.02 strain of each unload. To investigate relaxation behavior, another set of
specimens were stretched at a constant strain rate of 0.00588 s−1 to an engineer-
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ing strain of 0.1 and held at constant strain for 10 min. A stretched exponential
function (Williams and Watts, 1970) was fit to the normalized stress relaxation
curve to obtain a characteristic relaxation time.
2.2.3 Synchrotron X-ray studies
X-ray studies were performed at the F3 beamline at the Cornell High Energy
Synchrotron Source (CHESS). A Si(111) double crystals monochromator was
used to tune the incident X-ray beam energy to 10 keV and 8 keV for the µCT
and XRD experiments, respectively. The resulting energy bandwidth was on the
order of 104. For the µCT imaging, the second Si(111) crystal was replaced with
a 5◦ miscut Si(111) crystal to increase the size of the incident beamspot on the
specimen and allow for a larger imaging region. A custom-built dual actuator
load frame (see supplementary material 2.5) was used at the F3 beamline for in-
situ deformation throughout the X-ray experiments. The same 27 mm by 9 mm
gauge section was used for all X-ray experiments as for the Zwick mechanical
testing.
Micro-computed tomography
Changes in the 3D microstructure of the non-woven specimens, induced by de-
formation, were monitored using in-situ µCT imaging. The experimental setup
is shown in Figure 2.1a. The X-ray beamsize was 7 mm by 7 mm. An LSO:Tb
scintillator, a lens system and an Andor Neo 5.5 sCMOS detector were em-
ployed to convert the attenuated X-ray beam passing through the specimen into
absorption contrast radiographs. For each tomograph (µCT scan), the specimen
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Figure 2.1: (a) Schematic of in-situ µCT experimental setup. The load
frame stretches the specimen to a specific strain and then ro-
tates the specimen 180◦ as absorption radiographs from the
incident synchrotron beam are recorded with a CMOS detec-
tor. (b) Schematic of in-situ XRD experimental setup. The load
frame stretches the specimen continuously as diffraction pat-
terns from the incident synchrotron beam are recorded on an
X-ray detector.
was rotated 180◦ about the loading axis in 0.25◦ steps (721 radiographs total).
Sets of radiographs with 0.5 s exposure time were acquired. A 5 min relaxation
time was added before each scan to ensure morphology change during imag-
ing was minimal. Dark images (closed shutter) and beam profile images (open
shutter, no specimen) were also acquired using the same exposure time. Elon-
gation of the non-woven specimens was incremented in a step-wise manner to
strains of 0, 0.01, 0.02, 0.1, 0.15 and 0.3. At each of the 6 strains, a scan was per-
formed. Specimen dimensions and the methods of mechanical testing are the
same as used for the mechanical behavior characterization in Section 2.2.2. Two
specimens of each areal weight were tested during this experiment.
The raw radiographs, as well as beam profile and dark images, were pro-
cessed into a stack of cross-sectional slices using the commercial software Octo-
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pus (OctopusImaging, 2013). Each slice consisted of 1000 pixels by 1000 pixels
with a corresponding pixel size of 6.5 µm. The commercial software AVIZO Fire
(ThermoFisherScientific, 2014) was used for image denoising and data visual-
ization.
Microstructural changes were quantified in terms of changes in volume frac-
tion v f and bond numbers. These analyses were performed with user-written
Matlab R2015a scripts (TheMathworks, 2015). In order to account for the irregu-
lar material shape at finite deformation, the reconstructed volume was divided
into 20×20 grids on the initial specimen plane (XY plane as shown in Figure
2.1). The reported v f at each strain is the mean of v f values calculated within
each grid space. The v f within each grid space was defined as the maximum
v f along the thickness direction with fixed sampling volume. Since the calcula-
tion of v f is sensitive to the intensity threshold of the image stack, the threshold
value was selected such that the initial calculated v f of each specimen matches
the values given in the material data sheet as provided in Table 2.1. Bond num-
ber is defined as the total number of connected bonding regions in the 3D im-
age. A voxel is within a bonding region as long as its minimal distance to the
background is larger than a threshold value. This bond identification approach
is an upper bound estimate that utilizes the flattening caused when the non-
woven is bonded with combined heat and pressure to distinguish bonds from
non-bonded contacting fibers.
X-ray diffraction
In-situ XRD experiments provide information about fiber orientation during de-
formation of the non-wovens. The experimental setup is shown in Figure 2.1b.
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The x-ray beamsize on the specimen was 1 mm by 1 mm. Diffraction patterns
were captured by a PILATUS3 R 200K detector placed 70 mm behind the speci-
men. Individual diffraction patterns were captured of six different single fibers
extracted from the SF20 material. For the non-woven loading experiments, each
specimen was either stretched to failure or to a certain strain and then allowed
to relax, following the mechanical test methods described in Section 2.2.2. The
specimens were loaded at a strain rate of 0.00588 s−1 corresponding to a range
in strain of 0.003 per diffraction pattern. For both continuous loading and re-
laxation experiments, a series of XRD patterns were recorded with an exposure
time of 0.5 s each.
The collected XRD patterns represent the sum of the diffraction from each of
the individual fibers within the diffraction volume. The orientation distribution
function is a measure of the orientation distribution of fibers in the non-woven
specimen, which can be computed by resolving the intensity distribution of a
diffraction ring by azimuthal angle. This diffraction pattern intensity distribu-
tion to fiber orientation distribution extraction is unique since we utilize a peak
corresponding to only one orientation of the fiber. It is assumed that strain
within individual fibers has negligible effect on the orientation analysis; this as-
sumption is assessed in the supplementary material 2.5. In order to quantify
the realignment process during the deformation process of non-wovens, the en-
semble averaged orientation parameter p is calculated:
p = 2〈cos2 α〉 − 1 (2.1)
where α is the angle between fiber axis and loading axis. An in-plane randomly
oriented set of fibers will have an orientation parameter value of 0. If all fibers
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are aligned perpendicular to the loading axis p is -1, and if all fibers are aligned
along the loading axis p is 1. Image processing and analysis calculations were
performed in Matlab R2015a (TheMathworks, 2015).
2.3 Results and discussion
2.3.1 Non-woven mechanical behaviors
The non-wovens used in this study deform elastic-plastically under uniaxial
tensile loading (Figure 2.2). Due to the random nature of the material, the vari-
ations in mechanical response from specimen to specimen are large. Three rep-
resentative monotonic curves are included in Figure 2.2, corresponding to three
tests of maximum tensile strength, median tensile strength and minimum ten-
sile strength. The stress-strain curve of each areal weight has similar shape be-
fore the peak stress, consisting of a short linear region followed by a gradual roll
over region. All of the curves are smooth at the beginning and become jagged
starting around the peak stress, by which point fiber breakage is visually ap-
parent. The three different areal weight materials are qualitatively distinct in
the post-peak stress failure evolution. The failure of SF20 (lowest areal weight)
progresses gradually, resulting in a long tail on the stress-strain curve. Some
SF32 (intermediate areal weight) specimens undergo gradual failure, while oth-
ers have sharp decreases in stress after the peak stress. All SF65 (highest areal
weight) specimens have rupture-like failure. It is important to note that these
specimens exhibit a more gradual damage mode than would be seen at larger
specimen sizes (see supporting material). The differences in mechanical prop-
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erties among the three areal weights are summarized in Table 2.2. Material of
higher areal weight has higher stiffness, higher strength, later failure initiation
and longer relaxation time. When the mechanical response is scaled by vol-
ume fraction, the three non-wovens have similar scaled Young's moduli, but
the scaled strength of the more compact non-wovens is higher. This means that
on a per weight basis the more compact material has better strength without
compromising stiffness.
Material damage can be evaluated macroscopically with cyclic loading. In
Figure 2.2a-c, representative cyclic stress-strain curves of three types of non-
wovens are overlaid on the uniaxial tensile curves. A permanent set (non-
zero strain at zero stress) is present after each unloading step for all three areal
weights. This permanent set comes from a combination of fiber plastic deforma-
tion and material structure damage (Ridruejo et al., 2012). Damage also mani-
fests as a decreased unloading slope with deformation. The differences in the
degradation process among the three types of non-wovens are evident in Fig-
ure 2.2d, in which unloading slopes are normalized by the initial Young's mod-
uli and plotted against the strains when unloading initiated. All the non-woven
normalized moduli decrease once the macroscopic deformation was imposed.
At each strain, normalized unloading modulus increases with increasing areal
weight (SF20, SF32 and SF65).
For the three non-wovens made from the same constituent fiber and made
through the same manufacturing process, high areal weight non-wovens are
stiffer, stronger, less stretchy and less degraded before the large scale failure
than low areal weight non-wovens. In order to better understand these obser-
vations from mechanical tests, detailed characterizations of constituent fibers
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and microstructure deformation were carried out and are discussed in the fol-
lowing sections.
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Figure 2.2: Mechanical characterization of three types of non-wovens.
Monotonic and cyclic uniaxial tensile behaviors of (a) SF20,
(b) SF32 and (c) SF65. Due to large specimen to specimen
variations, the maximum, median and minimum strength tests
are shown. (d) Normalized unloading slope versus the strain
when unloading step started.
2.3.2 Fiber mechanical behaviors
The constituent fibers are elastic-visco-plastic, as is typical for thermoplastic
polymers. In Figure 2.3, the tensile stress-strain curves exhibit a linear region
followed by gradual yield and then linear hardening. The fracture is rupture-
like, occurring around a strain of 1.3. In the cyclic tests, large hysteresis loops
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Table 2.2: Mechanical properties of constituent fibers and non-wovens un-
der uniaxial tensile loading. Young’s modulus and strength are
scaled by volume fraction v f .  f is defined as the strain at peak
load in an engineering stress-strain curve.
Material Scaled modulus Scaled strength Failure Relaxation time
E/v f (GPa) σ f /v f (MPa)  f τ (104 s)
Fiber 2.45 ± 0.15 293 ± 8 1.3 ± 0.3 1.9 ± 0.3
SF20 0.78 ± 0.03 31 ± 3 0.15 ± 0.06 1.39 ± 0.18
SF32 0.84 ± 0.07 42 ± 7 0.21 ± 0.06 1.66 ± 0.15
SF65 0.85 ± 0.04 52 ± 5 0.33 ± 0.08 1.83 ± 0.10
and permanent sets are observed after the unloading step, even when the fibers
are stretched to small strains. The mechanical properties of fibers are listed in
Table 2.2. The fiber modulus is approximately three times the scaled non-woven
Young's moduli, which is consistent with theoretical predictions for non-bonded
long fiber networks (Cox, 1952). This indicates that initial non-woven elasticity
is at most minimally related to bond properties. The similarity of non-woven
and fiber relaxation constants suggests that non-woven relaxation is due to in-
dividual fiber relaxation.
2.3.3 Non-woven 3D microstructure in tension
Non-woven deformation involves a combination of fiber deformation, relative
fiber movement and bond damage. The 3D microstructures of an SF32 specimen
at four different strain states are shown in Figure 2.4. Prior to deformation,
the material was predominantly planar with thickness variation on the order of
the fiber diameter. Fibers were randomly oriented in the specimen (XY) plane,
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Figure 2.3: Tensile stress-strain characterizations of single PP fibers.
with corresponding non-uniform pore sizes and distributions. Interweaving is
apparent among the fibers. Fibers are distorted from their cylindrical shape in
contact regions between the fibers. The fibers were observed to be long with
little curvature. Dangling fiber ends were not apparent except at the edges of
the material. At a strain of 0.02, minimal change in material microstructure
could be seen. As the specimen was stretched to a strain of 0.1, a combination
of both straight and wavy fibers were observed. The wavy fibers were aligned
mostly along the direction transverse to the applied tension. Some fibers bent
out of the material plane forming an arc-shape structure. Overall, the material
surface was no longer planar. At a strain of 0.3, consolidation of fibers across
the transverse direction occurred, and the specimen edges became jagged. The
majority of the fibers that remained straight were well aligned with the loading
direction. Due to large scale damage, fibers separated into layers in the through
thickness direction, resulting in a loosely connected network.
A comparison of the microstructures of the three non-woven types at a strain
of 0.1 is shown in Figure 2.5. Of the three non-wovens, the width reduction of
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Figure 2.4: 3D microstructure images of a non-woven SF32 specimen at
strains of (a) 0, (b) 0.02, (c) 0.1 and (d) 0.3. Top: full 6.5 mm
by 6.5 mm reconstructed volume. Bottom: an enlarged partial
view.
the SF20 specimen was the most significant. Fibers aligned with the transverse
direction were mostly sinusoidal, which was evident in the loosely connected
regions compressed by the surrounding highly bonded regions. In some parts
of the (comparatively thin) SF20 specimen, the whole material became wavy
and delamination occurred on the specimen scale. In contrast, the high areal
weight non-woven, SF65, remained mostly planar at this same strain. The arced
fiber segment lengths were short. Unlike the low areal weight counterparts,
no large bulges formed by bundles of bending fibers were observed in SF65.
The multiple layers of the non-woven help to stabilize each other and provide
increased strength relative to a material consisting of independent layers.
The number of bonded regions and filled volume fraction are used here to
quantitatively describe structural damage in non-wovens (Figure 2.6). Number
24
Figure 2.5: 3D microstructure images of non-woven specimens (a) SF20,
(b) SF32 and (c) SF65 at a strain of 0.1. Top: full 6.5 mm by
6.5 mm reconstructed volume. Bottom: an enlarged partial
view.
of bonds is a crucial characteristic, since bonds hold the fibers together and pro-
vide strength to the material. SF65 had more than double the initial bonds of
SF32 and more than four times that of SF20. The number of bonds in all three
non-wovens decreased starting from a strain of 0.02 indicating the bond fracture
initiated at small strains. Until a strain of 0.15, the bond number drop in SF20
was almost the same as SF65. Considering the fraction of initial bonds, the rela-
tive bond fracture in SF20 was more significant. The SF32 specimen shown here
has more bond fracture than SF20. Looking into the corresponding stress-strain
curve (see supplementary material 2.5), it was found that this SF32 specimen is
severely damaged before a strain of 0.1. In larger samples since the number of
fibers engaged in supporting the load increases with increasing specimen size
as the influence from artificially short fiber segments near the edge is reduced;
this may result in either greater or lesser bond survival depending on the bond
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strength distribution. At the onset of large scale damage, bonds over a rela-
tively localized strip of the material are responsible for the ultimate failure of
the non-woven, so the total bond count does not decrease as drastically as might
otherwise be expected. Decreases in volume fraction, a result of material delam-
ination, are indicative of interlayer bond fraction and fiber out of plane bending
that locally increases the specimen thickness more than the width contracts from
fiber alignment. The volume fraction of SF20 and SF32 were relatively constant
until a strain of 0.02 and then decreased significantly, while the volume fraction
of SF65 remained relatively constant until the scan at a strain of 0.15. The obser-
vations of decreasing number of bonds and decreasing volume fraction show
that structural damage in the low areal weight non-woven initiated at smaller
strains. Also, structural damage is more drastic for low areal weight material
than for high areal weight ones. These conclusions support the analysis of mate-
rial degradation in cyclic test section for which unloading slope decreased more
drastically for the low areal weight non-woven than for the high areal weight
non-woven.
2.3.4 Fiber orientation evolution under loading
Fiber orientation distribution is a key factor in determining non-woven behav-
iors. In non-wovens composed of ductile fibers, the degree of fiber alignment
due to tensile loading is significant at finite strains (Silberstein et al., 2012; Yano
et al., 2012). Fiber alignment determines how the force supported by each fiber
adds up to the overall non-woven stress and is indicative of whether the non-
woven accomodates deformation by fiber stretching (high energy) or fiber bend-
ing and rotation (low energy). XRD experiments were carried out in order to
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Figure 2.6: The evolution of (a) number of bonds, (b) fraction of initial
bonds that remain and (c) volume fraction v f as a function of
applied strain.
study the areal weight effects on the fiber alignment.
The PP fibers present in the non-wovens are semicrystalline with axisym-
metric crystalline orientation, which makes XRD a feasible method for probing
fiber orientation distribution. Figure 2.7a shows the XRD pattern of a single
horizontally aligned fiber (parallel to the loading axis). Three diffraction peaks
are observed at an azimuthal angle of 90◦, and two others peak can be seen at
azimuthal angles of 50◦ and 130◦. The 2θ angles of these peaks are 14.2◦, 17.1◦,
18.7◦ and 22.1◦ corresponding to crystalline planes aligned in (110), (040), (130),
and (111) and (131) directions, respectively. This diffraction pattern is consistent
with alpha phase PP fibers (Iijima and Strobl, 2000). Each individual fiber has
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the same diffraction pattern. Therefore, a one-to-one relationship between fiber
orientation and diffraction spot (2θ and azimuthal angle) location can be used
to track fiber orientation in the non-woven. The intensity distribution along
the azimuthal angle of a ring represents fiber angular distribution. The average
diffraction pattern of an undeformed SF32 specimen is shown in Figure 2.7b.
Figure 2.7: 2D XRD pattern of (a) a single PP fiber and (b)an undeformed
SF32 non-woven specimen.
The fiber orientation evolution in the non-wovens during uniaxial tensile
loading is shown in Figure 2.8. Detailed orientation distribution functions and a
discussion of how fiber diffraction intensity change under loading affects orien-
tation calculation results can be found in the supplementary material 2.5. Here,
homogenized orientation parameter p (Equation 1) is plotted as a function of
applied strain. Changes in p may differ somewhat with specimen size, partic-
ularly for SF20. The differences in the orientation evolution process among the
three materials are readily apparent. The orientation parameters of SF32 and
SF65 were nearly constant until a strain of 0.3 and 0.4 respectively, at which
point each increased monotonically until large scale failure. The onset of re-
alignment in both materials occurred just prior to the peak stress and the ori-
entation parameter is much less than predicted with an affine deformation as-
sumption (see supplementary material 2.5). On the contrary, the orientation
parameter of SF20 increased from the beginning until a strain of 0.1, and then
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fluctuated with no overall trend. In high areal weight non-wovens, the discrep-
ancy between the timing of fiber reorientation and the initiation of deformation
can be explained using two arguments. First, the existence of large number of
bonds provides strong constraints and limits the fiber-fiber rotation. Second,
due to short bond-to-bond segment lengths, fibers are more difficult to bend,
and hence the fibers transverse to the loading direction kinematically inhibit ro-
tation of partially aligned fibers with the loading direction. SF20 is a sparse net-
work and has long fiber segment length between bonds. Bond damage quickly
affects the fiber orientation with fibers tending to bend and rotate, so that fiber
realignment starts at small strains. Since the incident XRD beam is only 1mm
by 1mm, the exact values of these orientation parameters vary from specimen
to specimen, particularly at strains larger than the peak stress for which strain
inhomogeneity is significant, however these trends hold across specimens.
Even though fiber alignment was observed in all three types of non-wovens,
the unloading slope decreases in the cyclic tests. This decrease demonstrates
that the effect of fiber alignment is overcome by bond damage and fiber frac-
ture. One should also note that bond fracture changes the network topology,
leading to a structure in which fibers are longer and easier to bend. The ori-
entation parameters of high areal weight non-wovens therefore change sharply
(Figure 2.8) at finite strains when bond fracture reaches a great extent.
The constraints provided by bonds are also evident in the stress relaxation
tests. In Figure 2.9, two representative sets of fiber orientation curves taken dur-
ing relaxation tests are shown. Each plot consists of four curves corresponding
to fiber orientation distributions at four different time points: the initial point,
the start point of relaxation, 50 s and 100 s after relaxation. For the SF32 spec-
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Figure 2.8: Stress and orientation parameter as a function of strain for (a)
SF20, (b) SF32 and (c) SF65.
imen (and the not shown SF65), there was minimal fiber orientation change
within 100 s of relaxation time. For the SF20 specimen, the number of fibers
aligned in -30◦ and 70◦ changed significantly during the first 50 s of relaxation.
This orientation change stems from fiber reorientation due to bond breakage
as was evident in the surface images taken by an optical camera. Bond break-
age during relaxation was only observed in specimens that were already largely
damaged prior to relaxation. This indicates that as long as the strong bond con-
straints remain, the non-woven microstructure is “frozen” during the relaxation
period, and the macroscopic stress relaxation mainly originates from fiber relax-
ation rather than structure change.
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Figure 2.9: Fiber orientation change at four time points for (a) SF20 and
(b) SF32. Inset: stress relaxation curve. The SF65 specimen (not
shown) behaved similarly to the SF32.
2.4 Conclusion
In this chapter, the deformation mechanisms of a series of thermally-bonded
PP non-wovens and the dependence of these mechanisms on areal weight were
investigated. Mechanical characterization revealed the elastic-plastic behavior
of the material, as well as two distinct areal weight dependent failure modes:
gradual damage progression and rupture-like failure. Higher areal weight non-
wovens tended to fail in a rupture-like manner, whereas lower areal weight ma-
terial failed gradually (larger size specimens show similar trends, see supple-
mentary materials 2.5). Moreover, higher areal weight non-wovens exhibited
higher mass scaled strength, larger failure strain and longer relaxation time.
Mechanical characterization of the constituent PP fiber revealed that the fiber
is also elastic-plastic with stiffness close to three times the scaled non-woven
stiffness, suggesting bond properties do not effect initial non-woven elasticity.
The deformation process of three types of non-wovens were visualized by in-
situ µCT experiments. As applied macroscopic strain increased, fiber bending
and internal fiber layer delamination became visually apparent. In higher areal
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weight material, the bending segment length was shorter and width reduction
was less compared to lower areal weight material at same strain. The volume
fraction and bond number decrease in the highest areal weight material (SF65)
are less significant than the other two materials at low strains. At strains past
the peak stress all the non-wovens exhibit a decrease in tangent stiffness and
number of bonds. In-situ XRD experiments were used to track non-woven fiber
orientation evolution during tensile loading and relaxation. The initiation of
significant fiber realignment in high areal weight material was observed in the
middle of the rollover yield region, which can be explained by the large bond
number density and short bond-to-bond fiber segment length. In contrast, large
scale damage occurred much earlier in the low areal weight non-woven (SF20)
resulting in an irregular fiber orientation evolution process. Localized sets of
fibers aligned, plastically deformed, and eventually fractured. In the stress re-
laxation experiments, stress decreased in all cases. Fiber orientation only oc-
curred if large scale damage was present prior to the start of the strain hold
period.
This study reveals the transition of non-woven microstructure from pre-
dominantly planar to 3D under tensile loading. The structural reorganizations
observed here indicate that considering interweaving and the fiber-fiber con-
nectivity in the thickness direction is necessary for predicting non-woven me-
chanical strength. Moreover, the strong influence of bond damage on the fiber
realignment process points to the need to accurately capture bond properties.
Each of these observations will be applied in future work.
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2.5 Supplementary material
S1. Dual actuator load frame
In-situ synchrotron experiments required a device to uniaxially deform a spec-
imen while keeping the center aligned with the X-ray beam. For µCT imaging,
the specimen needed to rotate within the beamspot. In order to satisfy these
requirements, a dual-actuator driven load frame was constructed (Figure 2.10).
The device features two symmetrically placed frames, onto which the specimen
is clamped. Uniaxial elongation of a specimen is achieved through horizontal
movement of the frames, each of which is driven by a stepper motor at the base.
Load and displacement signals were measured by a 250 N load cell and a step
motor counter, respectively. A pair of Huber 410 goniometers enabled specimen
rotation along the loading axis. The load frame was fully adjustable to allow for
specimen alignment with the loading axis, perpendicular to the X-ray beam.
S2. Fiber diffraction intensity change during loading
Fiber deformation can in general affect crystalline structure by changing the lat-
tice spacing or crystallographic orientation of the fiber. For the PP fibers tested
in this investigation, the diffraction spots did not change position throughout
tensile loading of single fibers, but did decrease in intensity. This intensity de-
crease is shown as the dotted blue line in Figure 2.11. The intensity decrease par-
tially comes from the change of fiber volume inside the diffraction volume, due
to the decrease in fiber diameter during stretching (Poisson effect). A prediction
of fiber diffraction intensity change induced solely by Poisson effect is shown
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Figure 2.10: Customized dual actuator load frame for in-situ XRD and µCT
experiments.
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Figure 2.11: Diffraction intensity as a function of applied strain.
as the red line in Figure 2.11. The difference between the dotted blue line and
red line indicates that there is another mechanism contributing to the diffraction
intensity decrease. One possible explanation to this is that fiber stretching leads
to some damage on the crystallite inside the fiber. We estimated the maximum
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orientation parameter error could be caused by the intrinsic fiber intensity de-
crease using computer simulations, and found that that this error is small and
does not affect the conclusions made in the X-ray diffraction section. If a 2D
fiber network with the same fiber density as SF32 is deformed with affine de-
formation assumption, the orientation parameter error induced by the intrinsic
fiber intensity decrease is around 0.01 when the macroscopic strain is 0.1.
S3. Non-woven specimen size effect
Non-wovens consist of randomly placed fibers. The stochastic nature of this
material leads to different mechanical behaviors under different length scales.
In this section, we report the mechanical test results of different size specimens.
A discussion of how representative 27 mm long × 9 mm wide specimens are of
bulk material mechanisms is also included.
Four different size specimens of each type nonwoven were tested under uni-
axial tension. The dimension was scaled from 27 mm × 9 mm by factors: 2/9,
1/2, 2 and 3, while the length to width aspect ratio was kept the same (3:1). All
the other mechanical test conditions were kept the same as before. Figures 2.12
and 2.13 show the overall stress-strain curves and the scaled elastic modulus,
scaled strength, and failure strain respectively. All of the specimens have an
apparent elastic-plastic behavior. Moving from small to large specimen size the
damage mode becomes more drastic (force falls off more quickly following the
peak load). SF20 at 6 mm × 2 mm is an extreme case of essentially testing single
fibers spanning the grips with few enough bonds that the load is not distributed
to the non-spanning fibers. This specimen size exhibits a reduced elastic mod-
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ulus, highly variable strength, and a large failure strain that is similar to single
fibers. SF20 at 13.5 mm × 4.5 mm and SF32 at 6 mm × 2 mm also have some
single fiber like deformation behavior. The remaining specimens are all funda-
mentally deforming as a non-woven. This is apparent in the elastic modulus
scaled by the filled volume fraction that is approximately 1/3 the fiber modu-
lus. We note that to acquire SF65 data at the largest (81 mm × 27 mm) specimen
size we had to use a tensile testing machine with an analog output since we do
not own sufficient grips on our own machine, this led to higher variability in the
calculated elastic modulus. The nonwoven strength arises through a number of
factors which do not have the same dependence on specimen size (fiber plastic-
ity, fiber fracture stress, stress distribution among the fiber network, number of
bonds involved in damage leading up to the onset of major damage) and hence
the trends are not as obvious in strength as in the elastic modulus and failure
strain. In general, the non-wovens of size 27 mm × 9 mm have a mechanical re-
sponse that matches larger sized specimens, and provide useful information for
non-woven micromechanics study within the areal limits of x-ray techniques.
S4. Non-woven tensile stress-strain curves in µCT experiments
The non-woven tensile stress-strain curves of all the specimens tested in the
µCT experiments are shown in Figure 2.14. The sharp drops of stress at strains
of 0.01, 0.02, 0.1, 0.15 and 0.3 correspond to stress relaxation before each CT
scan. Note that large scale damage in the SF32 specimen occurred at a very
early stage, even earlier than the SF20 specimen. This is because of the random
nature of non-wovens which causes some SF32 specimens to have very weak
mechanical properties. Similar mechanical behaviors of SF32 can also be found
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Figure 2.12: Stress-strain response of non-woven specimens of different
sizes and areal weights.
in Figure 2.2b, in which the specimen with minimum strength behaves very
similarly to SF20.
S5. Fiber orientation
The full fiber orientation distributions of SF20, SF32 and SF65 at four different
strains are shown in Figure 2.15. In SF32 the peak of the fiber orientation distri-
bution moved from -70◦ to -50◦ and reached 0◦ as the strain increased from 0 to
0.5, indicating that the fibers became more aligned with the loading axis under
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Figure 2.13: Variation in extracted material properties with specimen
size while holding specimen aspect ratio constant at 3:1
length:width. (a) Scaled elastic modulus; (b) Scaled strength;
(c) Failure strain. Specimens in the manuscript have a length
of 27 mm.
uniaxial tensile loading. The orientation distribution peak of SF65 moved from
-30◦ to 0◦, but the change of the peak height was much less than for SF32, in-
dicating that the reorientation process in SF65 was less significant than in SF32.
Contrary to the two high areal weight materials, the change of fiber orientation
in SF20 did not follow a clear trend.
The non-woven fiber orientation distribution change with affine deforma-
tion assumption was simulated with user written Matlab R2015a scripts. 2D
random fiber networks were generated by randomly placing fibers with in-
finitesimal diameter inside a region with the same size of the beam window.
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Figure 2.14: The tensile stress-strain curves of non-woven (a)SF20, (b)SF32
and (c)SF65 in the µCT experiments. The stress relaxation be-
fore each CT scan is apparent.
Initial fiber density and orientation distribution were set to be the same as the
specimen used in XRD experiments. Periodic boundary conditions were then
imposed in transferring fiber segments that were out of field view into the op-
posite side. The deformation gradient F was then applied to each fiber in the
network assuming a Poisson’s ratio of zero, with F defined as

1 +  0 0
0 1 0
0 0 1

where  is the macroscopic strain. The orientation parameter of the deformed
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Figure 2.15: The full fiber orientation distributions (a) SF20, (b) SF32 and
(c) SF65 at 4 different strains.
configurations were calculated and plotted against strain in Figure 2.16. With an
affine deformation assumption, the orientation parameter increases with macro-
scopic strain, reaching 0.3 at a strain of 0.5. For SF20, the simulation prediction
is generally in good agreement with experiment results before a strain of 0.05,
but differs afterwards. For SF32 and SF65, this simulation over predicts the ori-
entation parameter values throughout the deformation process.
40
Engineering Strain
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
O
rie
nt
at
io
n 
Pa
ra
m
et
er
 p
-0.5
-0.3
-0.1
0.1
0.3
0.5
Experimental observation
Affine axial deformation
a
SF20
Engineering Strain
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
O
rie
nt
at
io
n 
Pa
ra
m
et
er
 p
-0.5
-0.3
-0.1
0.1
0.3
0.5
Experimental observation
Affine axial deformation
b
SF32
Engineering Strain
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
O
rie
nt
at
io
n 
Pa
ra
m
et
er
 p
-0.5
-0.3
-0.1
0.1
0.3
0.5
Experimental observation
Affine axial deformation
c
SF65
Figure 2.16: A comparison of orientation parameter change between ex-
perimental data and simulation with affine deformation as-
sumption for (a) SF20, (b) SF32 and (c) SF65. The fiber re-
alignment in SF32 and SF65 is less than theory prediction.
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CHAPTER 3
DETERMINATION OF BOND STRENGTHS IN NON-WOVEN FABRICS:
A COMBINED EXPERIMENTAL AND COMPUTATIONAL APPROACH
3.1 Introduction
Non-wovens are a material class that encompasses all fabrics not manufactured
through a weaving or knitting process. A typical non-woven consists of a set
of fibers consolidated by either bonding or local entanglement. The manufac-
turing methods for non-woven are versatile, and the product carries advan-
tages including high porosity, high surface area, and high specific toughness.
Because of these positive attributes, non-wovens are utilized in a variety of
fields including energy, water purification, ballistic protection, tissue engineer-
ing and medical disposables (Ahmed et al., 2015; Liu et al., 2013; Russell, 2006;
Yoon et al., 2008). Despite wide application, predicting non-woven strength
and toughness remains a difficult task. The deformation process involves many
micromechanical mechanisms, such as fiber stretching, fiber bending, fiber rota-
tion and bond damage (Ridruejo et al., 2011; Silberstein et al., 2012; Chen et al.,
2016b). Among these, bond damage is a major damage mechanism in many
non-wovens (Ridruejo et al., 2011; Isaksson et al., 2006; Chen et al., 2016a) how-
ever, bond strength is rarely reported due to lack of an effective characterization
technique. Therefore, the main objective of this work is to develop a method to
determine bond strength.
For non-wovens that are bonded at fiber-fiber intersections, randomly dis-
tributed bonds connect and transmit loads between individual intersecting
fibers. In the seminal work of Cox (1952), elasticity for this type of non-woven
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was derived based on fiber orientation and density, but was not considered to be
affected by bonds. However, later finite element simulations showed that Cox' s
model neither captured local fiber loading mechanisms nor provided satisfac-
tory predictions of macroscopic behavior (Astro¨m et al., 1994; Ra¨isa¨nen et al.,
1997) (especially on sparse networks). It was later found that bond density
indeed affected non-woven elastic modulus. As bond density increases, fiber
segment length decreases and fibers tend to deform axially rather than bend-
ing (Shahsavari and Picu, 2013a). Not only bond density but also bond proper-
ties affect non-woven mechanical behavior. Bond damage was found to be the
main damage mechanism in paper and geosynthetic materials (Ridruejo et al.,
2011; Isaksson et al., 2006; Chen et al., 2016a). By tuning thermal treatment time,
temperature, and fiber contact force, non-wovens with different bond properties
can be made. The mechanical strength of non-wovens was found to increase
with increasing bond strength (Torgnysdotter et al., 2007b; Choi et al., 2004).
Though the importance of bonds has been recognized, accurate bond constitu-
tive behavior has not been used in fiber network modeling. In discrete network
simulations where bonds were damageable, bonds were considered as rigid and
broke in a brittle manner (Astro¨m et al., 1994; Ra¨isa¨nen et al., 1997). Constitu-
tive models incorporated bond damage by introducing a damage variable, but
this damage did not have direct relationship to bond properties due to a lack of
known bond properties (Ridruejo et al., 2012; Isaksson et al., 2004).
Precise characterization of bond properties is difficult, since non-wovens
are composed of fibers that have diameters on the order of microns or less.
Direct testing of bond mechanical behaviors has previously been performed
with specially designed tensile testing apparatus or atomic force microscopes
(AFM) (Torgnysdotter et al., 2007a; Schmied et al., 2012, 2013; Kulachenko and
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Uesaka, 2012). In these kinds of tests, individual fiber-fiber bonds were made
independently rather than extracted from a non-woven. Whether the result re-
flects bond properties within actual non-wovens needs further proof. Further,
it has been found that bond strength within paper has great variance (Schmied
et al., 2012, 2013), this is likely true for other non-wovens as well. Testing in-
dividual bonds one at a time is laborious. When only an estimate of average
bonding property is needed, peel tests can be used (Koubaa and Koran, 1995;
Yousefi Shivyari et al., 2016). This method provides Mode-I interlayer bond-
ing energy in layered non-woven materials, but does not provide individual
bond strength. Processing simulations on fiber pairs have been used to establish
the relationship between bond formation conditions (temperature, pressure and
fiber lay out) and bond properties. For example, the effect of fiber-fiber angle
and degree of indentation on maximum stress in the bonding region was stud-
ied using 3D finite element simulations (Berhan and Sastry, 2003). The work
of adhesion between two ‘coalesed’ polymeric fibers was calculated through
atomic simulations (Buell et al., 2010). However, these model-prediction results
have not been experimentally validated.
Here, we present a new method for characterizing fiber-fiber bond strength
in non-wovens. The method is inspired by the advancement of image-based di-
rect modeling. The method carries the dual advantages of characterizing actual
bonds in a non-woven and characterizing hundreds of bonds simultaneously.
The proposed method is introduced in three steps. In section 3.2, the overall
scheme of the method is introduced. In section 3.3 and 3.4, the application of
the method to a polypropylene non-woven is described. We used a linear irre-
versible interface law to describe debonding behavior and the model parame-
ters were determined through an optimization process. This interface law has
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four parameters: normal stiffness k, shear stiffness βk, separation at the start of
damage d1, and separation at total loss of bond stiffness d2. In section 3.5, we
present two independent validations of the obtained bond strengths.
3.2 Bond strength determination procedure
The bond strength determination method proposed in this chapter has three in-
gredients: imaging non-woven microstructure, characterizing mechanical prop-
erties, and direct simulation of the force response of specimen microstructure to
deformation. The overall procedure is shown in Fig 3.1. The first step is to
image a small specimen with a 3D imaging technique such as micro computed
tomography (µCT) or confocal microscopy. This 3D imaging is required to de-
termine fiber arrangement and resolve bonding sites. The size of the specimen
should be sufficiently large for the contained bonds to be a representative sub-
set of bonds in a bulk material (> 100 bonds), and sufficiently small to manage
imaging and computational cost. After the imaging step, the stress-strain re-
sponse of this specimen and its constituent fibers are characterized under uni-
axial tension. Next, a digital replica of this specimen is extracted from the 3D
image. The replica is then discretized and imported into a finite element frame-
work, in which fibers and bonds are explicitly modeled. The fiber stress-strain
constitutive behavior is taken directly from single fiber experimental results.
Structural elements should be used to model the fibers so that computational
efficiency can be improved. A constitutive law has to be chosen to model bond
behavior under deformation. The unknown parameters in the constitutive law
are estimated through fitting the FEA simulated uniaxial tensile test to the ex-
perimental stress-strain results for that specimen. After the model parameters
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are estimated, bond mechanical properties, like stiffness and strength, can be
determined accordingly.
The meso-scale specimen avoids the drawbacks of both component level
analysis and continuum level analysis. Local bonding conditions and bond
properties usually have great variance, which means getting statistical informa-
tion of bond properties through individual bond testing is cumbersome. Con-
versely, within a homogenized framework, resolving bond damage from other
irreversible mechanisms, like fiber plasticity and fiber fracture, is challenging.
The potential application of this proposed method is broad. It can be applied to
any fiber network that is bonded at fiber-fiber intersections (e.g. geosynthetics,
paper, electrospun mats) for which damage under macroscopic deformation is
a concern.
Figure 3.1: Procedure for proposed bond strength determination method.
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3.3 Materials and methods
3.3.1 Materials
The method introduced in the previous section is demonstrated here for the
Dupont Typar geotextile SF20. This non-woven is composed of polypropylene
fibers 40 µm-60 µm in diameter. During the manufacturing process fibers are
first laid down on a flat surface and then bonded through application of both
heat and mechanical pressure. SEM (scanning electron microscope) images of
this material are shown in Figure 3.2. Fibers are deformed and partially fused
at each bonding site.
Figure 3.2: SEM images of the non-woven SF20 showing (a) the network
morphology, (b) an enlarged view of the bonding region lo-
cated in the center of (a)
The mechanical properties of the Typar SF series of non-woven have previ-
ously been characterized in detail (Ridruejo et al., 2011; Chen et al., 2016a). For
convenience, the uniaxial tensile and cyclic behavior of SF20 and the constituent
fiber are included as Figure 3.3. Also, some key observations from the literature
are summarized in the following:
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• Tensile stress-strain curve of this non-woven exhibits an elastic region, a
roll over yield region and a highly damaged softening region (long tail)
after the peak load. The mechanical properties are summarized in Ta-
ble 3.1(Chen et al., 2016a).
• Non-woven mechanical behavior has significant specimen to specimen
variantion (Ridruejo et al., 2011; Chen et al., 2016a).
• The constituent fiber is elastic-visco-plastic. Under tension, the fiber has
a short elastic region that transitions into a plastic hardening regime. The
mechanical properties are summarized in Table 3.1 (Chen et al., 2016a).
• In cyclic testing, the non-woven modulus at the beginning of each un-
loading step decreases with deformation, while fiber modulus remains the
same. Both fiber fracture and bond fracture contribute to this modulus de-
crease (Chen et al., 2016a).
• Bond damage in the non-woven is observed starting at small strains (2.5%
nominal strain) (Ridruejo et al., 2011; Chen et al., 2016a).
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Figure 3.3: (a) Uniaxial tensile behavior of non-woven SF20, (b) uniaxial
tensile behavior of constituent fiber. “Reprinted from (Chen
et al., 2016a), Copyright (2016), with permission from Elsevier.”
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Table 3.1: Mechanical properties of constituent fibers and non-woven un-
der uniaxial tensile loading.
Material Young's modulus (GPa) Tensile strength (MPa) Failure strain
Fiber 2.45 ± 0.15 293 ± 8 1.3 ± 0.3
Non-woven 0.22 ± 0.02 8.8 ± 1.4 0.15 ± 0.06
3.3.2 Methods
Following the general procedure described in Section 3.2, a 2 mm wide non-
woven SF20 strip was cut from a bulk sheet and glued (Loctite Plastics Bonding
System) to a sample holder spanning across a 2 mm gage length. Within the
gage section, there were approximately 500 bonds. The specimens were imaged
with a commercial CT (Xradia/Zeiss XRM-520 Versa) with voxel side length set
to 3.6 µm. The specimen was then tested under uniaxial tensile loading while
the load displacement curve was recorded. The crosshead speed was set to 0.1
mm/min. All specimens were examined before and after testing under an op-
tical microscope (Olympus BH-2) and results from any specimens that showed
evidence of fiber slippage from the grip region were discarded.
The µCT 3D image of each specimen was converted into an FEA representa-
tion. The microstructure was skeletonized using software FNXCT (Wernersson
et al., 2014). This software connects several seed points (manually provided) of
one fiber with a third order polynomial curve to represent the centerline of this
fiber. After the centerlines of each fiber were determined, a bonding site was in-
troduced at a fiber-fiber intersection if the minimum distance between the two
fibers was smaller than the sum of their radii. The bond area A was calculated
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using the non-adhesive elastic contact solution (Popov, 2010)
A = pi
√
R1R2d (3.1)
where R1,R2 are fiber radii, d = (R1 + R2 − ds) is the indentation distance and
ds is fiber spacing. The skeletonized fiber network was further discretized into
1D structural elements and then imported into the FE software Abaqus (Fig-
ure 3.4a). The Timoshenko shear flexible beam element (B31) was chosen to
mesh fibers due to a relatively short fiber length to diameter ratio (≈ 5). Bonds
were modeled by a connector element (CONN3D2), which constitutively de-
fines the interaction between two bonding nodes. Abaqus explicit was used to
solve the load-displacement response of the model. All FE simulations were
conducted on a desktop with a quad core i7 processor.
Fiber diameters were determined iteratively through image processing and
network simulation. An image thresholding step was first applied on the
greyscale µCT image to convert it to a binary image. Radius of a fiber was
then measured as the distance from the fiber centerline to the background. All
the diameters were measured automatically with image threshold value as the
only input. The image threshold value was chosen so that the simulation elastic
modulus matches that from the corresponding experiment. Bond locations and
areas were updated following adjustment of the image threshold.
We used Ortiz' s interfacial cohesive law (Ortiz and Pandolfi, 1999) to de-
scribe bond behavior. This law was chosen because of its generality for describ-
ing irreversible interface bonding behavior. Bond properties of a cellulose fiber
network determined by AFM have also been shown to fit this law (Kulachenko
and Uesaka, 2012). The constitutive equation utilizes four parameters: k, β, d1
and d2. k is bond elastic modulus in normal direction. β describes the relative
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stiffness of shear deformation to normal deformation. d1 is the critical distance
when damage initiates. d2 is the critical distance when full separation occurs.
Interfacial effective displacement is defined as ∆e f f =
√
∆2n + (β∆s)2, where ∆n is
normal displacement and ∆s is shear displacement (Bower, 2009). Bond behav-
ior is linear elastic when ∆e f f 6 d1, and bond elastic modulus linearly degrades
when d1 6 ∆e f f 6 d2. The load displacement response of a bond under normal
separation is shown in Figure 3.4b. Bond strengths in pure normal and pure
shear deformation mode are calculated as σnormal = k× d1 and σshear = β× k× d1,
respectively.
Figure 3.4: (a) Representative finite element mesh of a specimen. Beam el-
ements are marked as blue lines, bond elements are marked
as red lines, nodes are marked as black asterisks. (b) Con-
stitutive behavior of a bond deforming under pure tension.
Line with double arrows indicates unloading/reloading path
for this bond model.
The parameters in the bond model were determined by fitting the FE simu-
lated uniaxial tensile response to experimental data. The nonlinear regression
problem was solved in the least-square sense where the L2 norm of the residual
is minimized. Here, residual r describes the difference between simulated force
response f sim and experimental force response f exp at each data point:
r(b) = { f sim(b) − f exp} ∈ RND , (3.2)
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where b is a vector of bond parameters {k, β, d1, d2} and ND is the number of data
points. The regression problem is stated (considering the positiveness of bond
parameters) as:
minimize g(b) =
1
2
‖r(b)‖L2 =
1
2
rT (b)r(b) (3.3)
subject to bi > 0 (3.4)
The objective function g(b) is non-smooth due to bond damage along the de-
formation process. A downhill simplex algorithm (Nelder and Mead, 1965) was
used to solve the optimization problem, since a gradient based optimization al-
gorithm would suffer from convergence issues. A simplex is a polytope with
N + 1 vertices in an N dimensional optimization problem. The downhill simplex
algorithm starts with constructing a simplex around the initial guess and then
takes a series of steps to change simplex shape and move it along the N dimen-
sional topography until it reaches a minima. The direction of simplex shape
change depends solely on function evaluations at each vertex. In the present
study the downhill simplex method converged in around 15 steps.
3.4 Results
3.4.1 Network microstructure statistics
The microstructure statistics corresponding to six specimens are listed in Ta-
ble 3.2. Due to the small specimen size the specimen microstructure (arrange-
ment of fibers and bonds) varies significantly. Fiber number ranges from 90 to
138 and total fiber length ranges from 170 mm to 281 mm. These ranges are
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self-consistent since fibers are long and should span across the 2 mm specimen
region in this non-woven. The number of bonds ranges from 305 to 1026. In
plane fiber orientation distribution can be described by an orientation param-
eter p (Chen et al., 2016a), which is defined as: p = 2〈cos2 α〉 − 1, where α is
the angle between the fiber axis and the direction of applied strain. This pa-
rameter varies from -1 to 1 and equals 0 for a set of fibers randomly oriented in
plane. The orientation parameter of the six specimens ranges from -0.19 to 0.23,
indicating a nearly uniform fiber orientation distribution. The bond area distri-
bution is shown in Figure 3.5, this distribution is skewed towards small bonding
area. The variation in bond area distribution, fiber segment number, and fiber
orientation distribution indicates that each specimen has a unique fiber layout
and therefore load transmission path. Consequently, the bond strength iden-
tification is evaluated by consistency of the bond model parameters estimated
from these six different specimens.
Table 3.2: Microstructure statistics and mechanical properties of six tested
non-woven specimens.
Number of fibers Total fiber length Number of bonds Orientation parameter Stiffness Peak load
[mm] [N/mm] [N]
Specimen 1 106 206 566 −0.055 21.6 8.7
Specimen 2 97 180 629 0.23 23.4 7.0
Specimen 3 138 281 503 0.14 19.4 9.6
Specimen 4 90 170 338 −0.14 16.5 5.9
Specimen 5 130 242 1026 −0.19 22.6 6.1
Specimen 6 107 206 305 0.23 22.7 8.9
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Figure 3.5: Bond area distribution within tested specimens.
3.4.2 Model parameter study
The bond model has four parameters: k, β, d1, d2. The value ranges of the four
parameters that define the bond constitutive behavior can be estimated based
on the physical meaning of each. Since bonds are formed from two fibers, the
bond elastic stiffness k should be of the same order as the fibers. If the bond elas-
tic modulus has the same value as its constituent fibers then k = E f /lch. Fiber
modulus is E f = 2.4 GPa. The characteristic length scale lch is taken as the aver-
age fiber-fiber spacing ds at a bonding site, lch ≈ 30 µm. So k = 80 MPa/µm. β
controls the relative stiffness between shear deformation and normal deforma-
tion. Based on the suggestions in Bower (2009), β is typically below 1. Here, we
take β = 0.7 as a reference for the parameter study. d1 and d2 describe the dis-
placement between ends of the bond connector element and therefore should
be on the scale of microns.
Comparing with the reference case (k = 80 MPa/µm, β = 0.7, d1 = 3µm,
d2 = 3µm), each of the four parameters was modified by a factor of two to
54
see its effects on macroscopic behavior and damage progression (Figure 3.6).
Prior to damage, the simulated curves fall on the rigid bond line for both
k = 80 MPa/µm and k = 160 MPa/µm cases indicating that network elastic
stiffness is minimally influenced by bond stiffness. This lack of dependence on
bond stiffness has also been observed in literature (Ra¨isa¨nen et al., 1997). When
bond damage is considered, parameters d1 and d2 come into play. Bond strength
σnormal and σshear are both proportional to k× d1. For high k× d1 cases, bonds are
stronger, fewer bonds are broken during the tests, and more fibers participate
in load carrying (Figure 3.6a-b). Systematic variations in k or d1 reveal that the
model is sensitive to σnormal rather than k and d1 independently. The effects of β
and d2 are shown in Figure 3.6c-d. Similarly to σnormal, higher β results in higher
force response and less bond damage inside the network. However, the effect
of β is less significant than σnormal when they are changed by same percent. The
model response is not sensitive to d2, so in later sections d2 is set equal to d1.
3.4.3 Bond strength estimation
The experimental and simulation load displacement curves of six tested spec-
imens are shown in Figure 3.7. All the curves have a linear region, a smooth
roll-over region and then a kinked region starting at displacement ≈ 0.4 mm.
These kinks come from bond fracture and associated fiber stress relaxation. Oc-
casionally, a large number of bonds broke within a short period of time and
caused a big force drop. Comparing Figure 3.3a and Figure 3.7a, it should be
noted that the load displacement curve of the 2 mm × 2 mm specimens are
jagged compared to larger specimens. This indicates that damage in larger size
specimens is distributed while damage in small specimen is more localized and
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Figure 3.6: (a) Load displacement curves for parameter study of k and d1,
and (b) corresponding damage progression curves. (c) Load
displacement curves for parameter study of β and d2, and (d)
corresponding damage progression curves.
apparent even before the peak load (a more detailed discussion of size effects on
mechanical behaviors of this material is included in Chapter 2 supplementary
material 2.5). These smaller specimens are therefore better for extracting bond
parameters. The six tested specimens have distinct microstructures and corre-
spondingly their load-displacement curves vary significantly from each other.
Specimens 1, 2, 5 and 6 have similar elastic moduli even though their total
fiber lengths (∝ areal weight) are different. Specimen 3 has higher total fiber
length but its elastic modulus is lower. Specimen 4 has the lowest fiber length
and elastic modulus. From this data it is apparent that different network mi-
crostructures have different load transmission paths and different bond break-
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ing sequences. A discrete network model that captures the specific network
microstructure has the advantage of simulating real damage progression within
different specimens.
For each specimen, we solved a nonlinear least square problem (equations
3 to 4) to obtain bond parameters β and d1. The bond model estimation results
are shown in Figure 3.7 and Table 3.3. Individual fitting results show that the
model captures the roll-over yield region and major kinks on the load displace-
ment curve. Residual r versus displacement is overlaid on Figure 3.7 as well. In
specimens 1, 3, 4 and 6, the residual is small indicating a good fit. In the other
specimens, the residual is continuously positive in one region and negative in
another. This indicates that model overestimates bond strength in one region
and underestimates it in another. One possible reason for this error is the as-
sumption we made that bond strength is proportional to bond area however, the
bonding nature may be more complicated. While a more complex bond model
could be used, a strong physical basis would be needed to avoid over fitting. Ta-
ble 3.3 lists estimated bond normal strength and shear strength. Calculating the
mean and standard deviation of bond strengths in the six specimens, we have
σnormal = (1.3 ± 0.3) × 102 MPa, and σshear = (1.0 ± 0.2) × 102 MPa. Specimens 2
and 5 have poorer fit and much lower bond strength than the other specimens.
Both of these specimens have less hardening at finite strains. While this reduced
hardening is most likely a reflection of low bond strength, it could also have a
contribution from small slipping of the fibers at the grip that was not evident
within optical microscopy.
Cross validation evaluates how fitted model parameters can be generalized
to a new data set. In this work, each of the six tested specimens represents an
57
Table 3.3: Mean bond strength for each non-woven specimen and good-
ness of fit for individual optimization and cross-validation.
Normal strength σnormal Shear strength σshear Individual fit R2 Cross validation R2
[MPa] [MPa]
Specimen 1 170 133 0.9894 0.8832
Specimen 2 89 72 0.9568 0.8550
Specimen 3 147 98 0.9939 0.9909
Specimen 4 133 97 0.9894 0.9548
Specimen 5 116 72 0.9611 0.8084
Specimen 6 140 112 0.9795 0.9639
independent data set due to its unique network microstructure. We performed
leave-one-out cross validation on each individual data set, using five data sets
for training to get model parameters and then testing the fidelity of obtained
model parameters on the left out data set. This process was repeated until all
data sets had been left out once. Table 3.3 shows the cross validation results.
Full fit and residual plots are provided in appendix (section 3.7). All validation
simulations have reasonably good agreement with experimental data, show-
ing the predictive power of the obtained bond model parameters. Not surpris-
ingly, specimens 2 and 5 have the worst fits since their independent fitted bond
strengths are lower than the other specimens.
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Figure 3.7: Uniaxial tensile response (diamond markers) of six tested non-
woven specimens. FE simulation results (solid black line) with
estimated bond model are overlaid on the experimental curves.
The residual (solid blue line) and goodness of fit (R2 value) are
also reported in each subplot.
3.5 Bond model validation
3.5.1 Larger size specimen validation
Macroscopic damage in non-wovens can be quantitatively characterized by
cyclic tests. The slope at the beginning of each unloading step decreases
with deformation due to a loss of network connectivity caused by bond frac-
ture (Ridruejo et al., 2011; Chen et al., 2016a). This observation provides a way
to test the validity of bond strength values obtained in the previous section. We
performed cyclic tests on 6 mm × 6 mm non-woven specimens and FE simula-
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tions of the same size artificial random fiber network (RFN). The size of 6 mm
× 6 mm is chosen because at this larger size the response is reasonably insensi-
tive to the specific microstructure and the FE simulation can be done in a timely
manner on a typical desktop. The method and result of the validation approach
are discussed in this section.
Methods: In the cyclic experiment, a non-woven specimen was stretched to
a certain strain and then unloaded to zero force and reloaded again. The dis-
placements at the start of each unloading step were 0.12 mm, 0.36 mm, 0.6 mm,
0.9 mm, 1.2 mm, 1.8 mm, 2.4 mm, 3.6 mm, 4.8 mm, and both load and un-
load speeds were set to 0.0353 mm/s. A total of five specimens were tested.
The computational work started by a RFN generation step. The generation al-
gorithm first generated random seeds within the specimen domain (6 mm ×
6 mm × 0.3 mm). A straight fiber was then extended from each seed point
to the boundaries of the domain. The fiber was assumed to have uniform in-
plane angle (randomly drawn from a uniform distribution of 0o to 180o), and a
slight out of plane angle (randomly drawn from a normal distribution of 0o to
3o). Fiber diameter and network density were set to the same as µCT measure-
ment and the network generation step was stopped when the network density
reached target value (43 mm/mm2 from Table 3.2). After all fibers were gener-
ated, bonding sites were located and bond areas were calculated following the
same procedure as described in section 3.3.2. Since the fiber generation step did
not prevent fibers from passing through each other, bond area distribution in the
RFN is different from the real material (Fig 3.5). The location of each bonding
sites was adjusted along the bond vector so that bond area distribution matches
experimental data. The generated RFN was further discretized and imported
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into the finite element framework and simulated with unloading at the same
displacements as the cyclic experiment.
Results: One representative cyclic test result is shown in Figure 3.8a. The
specimen reaches peak load at a displacement of 2 mm and then the force de-
creases. We measured unloading slopes at the beginning of each unloading step
(Figure 3.8b). The unloading slope slightly increases at small strains possibly
due to fiber alignment and then the unloading modulus drops because of bond
damage. One representative simulation load-displacement curve is overlaid on
Figure 3.8a. The simulation result captures the reload to the stress at which
unloading started. In the simulation no damage was observed during unload-
ing, so the duration of the unloading step is not important. Since the artificial
network is not a replica of specimen geometry, the exact force response is dif-
ferent from the experiment. Figure 3.8b shows that the simulation unloading
slope reduction with increasing displacement has good agreement with experi-
ment, thereby showing that the obtained bond model results can be applied on
larger size specimens. The mismatch at finite strains comes from either geom-
etry simplification of RFN or potential fiber fracture in experiment. We found
that increasing fiber out-of-plane angles would give a better match of damage
progressions. But in this case, many fiber ends were landed on RFN surfaces
instead of edges which was not observed in a real non-woven specimen. So the
current out-of-plane angle distribution was adopted. It should be noted that no
fitting parameters are included in these artificial network simulations.
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Figure 3.8: Bond strength values are tested on large size network simu-
lations under cyclic loading. (a) Load displacement curves of
a representative experiment and a representative artificial net-
work simulation for a 6 mm × 6 mm specimen. (b) Unload-
ing slope normalized by initial elastic modulus. The mean
and standard deviation of five experimentally tested speci-
mens and random network simulations are shown.
3.5.2 Peel tests
Peel testing provides a way to experimentally characterize average non-woven
bonding energy. As shown in Figure 3.4a and Chen et al. (2016a), fibers in the
non-woven SF20 are overlaid on each other forming a multi-layered structure.
The ply adhesion energy can be estimated as the total work needed to break all
the bonds between the two adjacent layers. The number of bonds within one
layer can be obtained from µCT images. Therefore, energy dissipation per bond
broken can be approximated by dividing the ply adhesion energy by the num-
ber of bonds between two adjacent layers. A similar approach has been applied
for paper (Koubaa and Koran, 1995; Yousefi Shivyari et al., 2016). Assuming
normal separation, the expected energy dissipation per bond can be estimated
from the obtained bond model parameters (see appendix, section 3.7). We used
this method to verify the bond strength values obtained with our image based
modeling method.
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A T-shaped specimen was adopted for the peel test (Fig 3.9). The speci-
men was made by putting two pieces of adhesive tape on opposite sides of a
20 mm × 100 mm piece of SF20 to form a sandwich structure. Each adhesive
tape extended beyond the non-woven and was attached to a cardboard tab for
clamping. In the test, the lower cardboard tab was fixed and the upper tab was
pulled at a constant speed of 0.5 mm/s. The peel force reached a peak at the
beginning of a test and then oscillated within a small range, indicating static
peeling (Fig 3.10). The non-woven specimen was fractured along a crack plane
and separated into two thinner pieces. If the crack propagation direction devi-
ated from initial interface plane, the data of the specimen was discarded. Since
both adhesive tape and non-woven are thin (less than 1 mm), the elastic energy
of bending was ignored in the data analysis. Most of the external work in the
peel test was supplied to separating bonded layers.
Figure 3.9: Schematic of the specimen used for peel tests. Two adhesive
tapes were attached on a non-woven specimen and the tail of
each adhesive tape was attached to a cardboard tab for clamp-
ing. The crack grew in the middle of the non-woven specimen
during peeling, leading to separation of layers.
Five specimens were tested. Three representative load-displacement curves
are shown in Figure 3.10. The mechanical work needed for separating two ad-
jacent layers (ply adhesion energy) of these five specimens is 0.12 ± 0.01 kJ/m2.
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Since it is observed in the µCT data that the number of bonds per mm2 is 120±50
and the number of layers is ≈ 7, the bond number density between two adjacent
layers in a T-peel specimen is ≈ 20 per mm2. The energy dissipation per bond
broken is determined by dividing ply energy by total number of bonds between
two adjacent layers, and reads (5.8 ± 0.3)µJ. The energy dissipation per bond
broken can also be estimated using the obtained bond strength values from the
proposed method (Table 3.3). When a bond is broken in the peel test, energy is
dissipated through the separation of two bonding surfaces and the relaxation of
the fibers connected to this bond. Assuming all bonds are broken under mode-I
loading, energy dissipation per bond broken is calculated as (1.8 ± 0.8)µJ (see
appendix, section 3.7). This value has the same order of magnitude as the one
obtained in the peel test, validating the proposed method. Bond strength is
likely overestimated in the peel tests because we ignored the energy dissipation
away from the fiber-fiber interface. It should also be pointed out that since the
exact number of broken bonds on the crack face is unknown, peel tests can only
provide a rough estimation of average bond energy.
3.6 Conclusion
In this chapter, we introduce a new method that uses a combination of exper-
imental work and imaged-based modeling to characterize bond properties in
non-woven fabrics. In the experimental portion, a non-woven specimen is im-
aged and then loaded for mechanical characterization. In the computational
portion, the undeformed specimen microstructure is discretized and imported
into a finite element framework. Since both fibers and bonds are explicitly repre-
sented in the finite element model, bond properties can be determined by solv-
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Figure 3.10: Peel test force - displacement curves of three representative
specimens. The static peeling region used for the bond energy
calculation is indicated.
ing the inverse problem of matching simulated mechanical response to exper-
imental data. We demonstrate the application of this method to a commercial
polypropylene non-woven. A bilinear irreversible interfacial law was used to
constitutively prescribe bond behavior, and the parameters in this bond model
were estimated for each tested non-woven specimen. A cross validation proce-
dure showed that the estimated model parameters can be applied to new data
sets to predict non-woven uniaxial tensile behaviors. Simulations of artificial
networks showed that the estimated bond strengths can give accurate predic-
tions of damage progression in larger size non-woven specimens. Single bond
energy was also confirmed by peel tests, which provided an average interlayer
bonding energy measurement.
The proposed method provides a feasible way to characterize a large number
of bonds in non-wovens that are bonded at fiber-fiber intersections. The frame-
work of using image based model to identify component behavior can also be
applied to other 3D structural materials as well. The measured bond properties
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will also serve as good resources for building constitutive models in the future.
3.7 Appendix
Appendix A: Fitted bond parameters
The bond parameter estimation results of individual fitting and cross vali-
dation are shown in Table 3.4. The obtained values have good consistency
among tested specimens. Figure 3.11 shows the cross validation results. The
finite element simulation captures the overall trend of the experimental load-
displacement curve, even though the optimization process does not use the ex-
perimental data of that specimen. Iterations 2 and 5 have higher simulation
force responses than experiments, while the other four iterations show the op-
posite behavior. This difference is because both specimen 2 and 5 have relatively
low bond strength values when fitted independently (Table 3.3), so they lower
the bond strength estimations in the cross validation step when one iteration
takes them as part of the training set. As mentioned in the earlier text, speci-
men 2 and 5 are suspectable of fiber slippage and hence underestimating bond
strength values. This may be the reason for the mismatch of simulation and
experimental load-displacement curve in this cross validation step.
Appendix B: Peel test analysis
Figure 3.12 shows a simplified loading scenario at the crack tip in a peel test.
One bond is connected to four fiber segments and each fiber segment is con-
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Table 3.4: Optimization results for individual fit and cross-validation.
Individual fit Cross validation
Specimen number β d1 Left-out specimen β d1
[µm] [µm]
1 0.782 2.12 1 0.795 1.43
2 0.811 1.11 2 0.593 1.82
3 0.665 1.83 3 0.891 1.34
4 0.734 1.66 4 0.695 1.52
5 0.615 1.46 5 0.656 1.63
6 0.801 1.75 6 0.731 1.48
nected to the rest of non-woven network structure. When a bond is taking up
load, two fiber segments are under tension. When a bond is broken, the total
energy dissipation (Utotal) comes from the energy to separate bonded interfaces
(Ub) and the relaxation of strain energy in fibers connected to this bond (U f ).
Utotal = Ub + U f (3.5)
Assuming normal bond separation, Ub can be calculated using the cohesive
zone model parameters (Table 3.4):
Ub =
1
2
× σnormal × A × d1 = (0.10 ± 0.03)µ J (3.6)
where A is the bond area.
U f is the strain energy stored in the two stretched fibers. It is assumed that
the stretched fibers are aligned with the loading direction and U f can be calcu-
lated as:
U f =
(σnormal × A)2 × Lseg
E × pi R2 = (1.7 ± 0.8)µ J (3.7)
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Figure 3.11: Leave-one-out cross validation results. Bond model parame-
ters obtained from training data sets are tested on the left out
test data set. The schematic label shows the partition of each
iteration, where “×” represents the test data set and “•” repre-
sents the training data set. The simulated load-displacement
curve, residual and R2 value of each iteration are shown.
Figure 3.12: The loading approximation of the crack tip in peel tests.
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where Lseg = 0.2mm is the fiber segment length, E = 2400MPa is the fiber mod-
ulus and R = 20µm is the fiber radius.
Summing up Equations 6 and 7, we have
Utotal = (1.8 ± 0.8)µ J (3.8)
as the predicted energy per bond fracture during the static peel test regime.
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CHAPTER 4
A MICROMECHANICS-BASED DAMAGE MODEL FOR NON-WOVEN
FIBER NETWORKS
4.1 Introduction
Many natural and synthetic materials have bonded fiber network structures,
e.g. cytoskeleton of cells (actin micro filament networks), extracellular matrix of
soft tissues (collagen fiber networks) and rubbers (molecule chain networks).
Non-wovens are man-made networks of nanometer to micrometer diameter
fibers. This type of material has advantageous physical properties such as high
porosity, high specific strength and high damage tolerance, and hence has been
widely used in fields including tissue engineering, water purification, ballistic
protection and energy conversion technologies (Russell, 2006; Yoon et al., 2008;
Ahmed et al., 2015; Liu et al., 2013). Accurate modeling and prediction of the
mechanical properties of fiber networks remains a difficult task (Picu, 2011).
The challenges arise both from complex constituent material properties and the
microstructural irregularity and heterogeneity. The fibers can intrinsically be
highly non-linear at finite strains and fiber-fiber bonds can break under external
loading. Both intrinsic material property aspects contribute to macroscopic ma-
terial non-linearity such as plasticity and damage. Microstructurally, the load
transmission path within a fiber network strongly depends on network connec-
tivity. The fiber stress distribution is often distinct from the field solution of a
continuum solid. Because of the discrete and irregular microstructure, a physi-
cally sound material model for fiber network materials like non-wovens has to
account for both the heterogeneity and the intrinsic nonlinearity.
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Fiber network materials are typically modeled by either discrete simula-
tions or continuum models. For the discrete modeling strategy, each fiber and
bond is modeled explicitly using the finite element method. Such discrete net-
work models have the advantage of capturing the detailed load distribution
and deformation profile of a network structure. Discrete network models have
been used to study the effects of microstructural features (fiber density, fiber
length and bond density) on macroscopic mechanical properties (Heyden, 2000;
Bronkhorst, 2003; Ridruejo et al., 2010; Kulachenko and Uesaka, 2012; Jin et al.,
2013; Wilbrink et al., 2013). It has been found that fiber density plays an impor-
tant role in the mechanics of fiber networks. In high density networks, fibers
deform nearly affinely and individually deform axially even under local com-
pression due to low fiber segment length to width aspect ratio. In low density
networks, fibers deform non-affinely and mostly bend rather than axially com-
press under compressive end loads (Wilhelm and Frey, 2003; Shahsavari and
Picu, 2013a,b; Chen et al., 2015). Though discrete network models capture de-
tailed physics, they are not computationally efficient. Homogenized models are
useful for large specimen simulations. In the pioneering work of Cox (1952),
two dimensional non-woven small deformation elastic properties were derived
theoretically assuming that each material point is an assembly of long straight
non-interacting fibers. The load response of a material point can be calculated
as the sum of loads carried by each constituent fiber scaled by fiber density. This
concept was later extended to three dimensional and finite strain cases (Narter
et al., 1999; Planas et al., 2007). In recent years, many researchers have worked
towards incorporating different aspects of micromechanics such as fiber undu-
lation, fiber bending, fiber re-orientation process and local entanglement into
homogenized modeling frameworks (Pai et al., 2011b; Silberstein et al., 2012;
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Raina and Linder, 2014; Martı´nez-Hergueta et al., 2016b).
Non-wovens experience progressive damage under external loading (Isaks-
son et al., 2006; Ridruejo et al., 2011). The damage comes from either interfiber
bond fracture or fiber fracture. It has been found that interfiber bond dam-
age usually starts accumulating at small strains and affects both mechanical
strength and elasticity degradation. Therefore, a good understanding of bond
damage mechanics is beneficial for modeling non-woven mechanical behavior.
Experimental techniques, including acoustic emission detection, in-situ SEM,
and in-situ computed tomography have been used to monitor bond fracture
with deformation (Isaksson and Ha¨gglund, 2007; Ridruejo et al., 2011; Chen
et al., 2016a). Discrete network simulations have been used to study damage
evolution laws (Astro¨m et al., 1994; Ha¨gglund and Isaksson, 2008; Abhilash
et al., 2012). Isaksson et al. (2004) developed a constitutive model to capture
anisotropic plasticity and damage evolution in paper materials. The parame-
ters in the damage evolution law were obtained by fitting to uniaxial tensile
experimental results. Ridruejo et al. (2012) used a phenomenological damage
evolution law to describe the effects of bond fracture on the load carrying ca-
pacity of the fiber.
In this chapter, we present a micromechanics based constitutive model that
can capture damage in different density non-woven fiber networks. First, the
damage mechanisms in a network structure are briefly summarized. The con-
stitutive equations for the model are then physically motivated and presented.
Finally, a demonstrative example is presented: the proposed model is applied to
a commercial non-woven series and numerical simulation results are compared
with experiments. Damage evolution and localization for different density non-
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wovens will be discussed.
4.2 Background of damage mechanisms in fiber networks
Mechanical testing and imaging results have shown that interfiber bond frac-
ture is a major damage mechanism in some non-wovens including geotextiles,
paper and electrospun networks (Ridruejo et al., 2011; Isaksson et al., 2006; Choi
et al., 2004). From a microscopic perspective, bond fracture happens when the
traction load applied on a bonded interface exceeds a critical value. It has been
found that most of the bonded interfaces are broken under shear deformation
mode (Mode II fracture)(Deogekar and Picu, 2018). Figure 4.1 is a schematic
of undeformed and deformed configurations of a discrete fiber network with
a magnified view of a bonding site. At each bonding site, there are two fibers
which are separated by the bond into four fiber segments. When a fiber network
is under loading, all fiber segments experience different stretches (non-affine de-
formation (Hatami-Marbini and Picu, 2008)), which results in a traction load on
the bonded interface and drives interfacial separation.
Bond fracture reduces non-woven load carrying capacity and affects the
overall mechanical behavior. Figure 4.2 is a schematic of a typical non-woven
load-displacement curve under tensile loading (elastic-plastic with damage).
Once damage initiates, the non-woven mechanical response deviates from that
of the no damage case. The nonlinear response after damage initiates is largely
determined by the damage evolution law. It has been found that network den-
sity has great effects on damage onset and evolution. Upon loading, more bonds
are broken in sparse networks than dense networks (Chen et al., 2016a). We as-
73
Figure 4.1: Schematic of (a) undeformed and (b) deformed configurations
of a discrete fiber network with a magnified view of a typical
bonding site under uniaxial tension in the x direction.
sert that the primary cause of the greater bond fracture in sparse networks than
in dense networks is that local deformation in sparse networks is highly non-
affine. Consequently, there is large variation in fiber segment stresses at bonding
sites leading to high tractions on the bonded interface. The local deformation in
dense networks is more affine, approaching the behavior of a continuum solid.
Fiber segment stress along any given fiber in a dense network only deviates
slightly, leading to low bond tractions. The localization zone sizes in different
density non-wovens are also different. Dense networks localize damage over
a thin strip of material and typically have a rupture-like failure mode. Sparse
networks have a large localization zone size and corresponding gradual failure
mode.
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Figure 4.2: Schematic of the load-displacement curve of a non-woven with
damage.
4.3 Constitutive model
Our proposed model combines an affine fiber deformation model at the network
scale to obtain the overall stress response with a non-affine micromechanical
model of bond sites to obtain the damage evolution. The model aims to capture
the following features of non-woven macroscopic mechanical behavior:
• Elastic-plastic behavior at finite strains
• Damage progression within a large size specimen
• Damage spatial correlation and localization
• The effects of network density on damage
In the subsequent sections we describe the four parts that compose the model:
network model, fiber model, bond damage model and non-local averaging
scheme.
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4.3.1 Network model
The network model relates the macroscopic stress response to fiber deformation
and bond damage. Here, we adopt the framework developed in (Planas et al.,
2007; Ridruejo et al., 2012). We focus on modeling planar layered non-wovens
and therefore assume that the network structure can be simplified to a 2D con-
tinuum solid. Within each material point, there are long straight fibers oriented
in different directions (Figure 4.3a). At this network level, we also assume that
there is no interaction between fibers, so all fibers deform affinely. Fibers with
the same orientation are grouped into one fiber set and the orientation of this
fiber set is denoted as Nθ (Figure 4.3b).
Helmholz free energy Ψ, defined per unit undeformed volume of the net-
work is written as the sum of the strain energy density of each fiber set, scaled
by the fiber volume fraction.
Ψ = ν f
∑
θ
νθ(1 − Dθ)Φ(F, ξθi ), i = 1, 2, 3, ... (4.1)
where ν f is fiber volume fraction, νθ is the fraction of fibers at angle Nθ, and Φ is
fiber strain energy per unit undeformed volume without damage. The damage
variable Dθ is incorporated here to describe the damage state associated with
this fiber set. Dθ takes real values from 0 to 1 ({Dθ ∈ R|0 ≤ Dθ ≤ 1}). Dθ = 0 indi-
cates no bond damage on the fiber set, while Dθ = 1 means a total loss of load
carrying capacity of the fiber set. Fiber strain energy density Φ is a function of
deformation gradient F (because of the affine assumption) and other necessary
state variables ξθi within each fiber set (used for example, to describe plastic-
ity evolution). The deformation gradient F relates deformed and undeformed
configurations through F = ∂x/∂X where X and x are coordinates of a material
point in the undeformed and deformed configurations, respectively.
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Figure 4.3: Network level concept for 2D random fiber networks. (a) Fiber
network structure within a material point. (b) Equivalent con-
tinuum solid containing fiber sets unified according to orienta-
tion. Fiber set orientation is denoted as Nθ.
The Helmholz free energy is written as a function of F, Dθ and ξθi :
Ψ = Ψ(F,Dθ, ξθi ) (4.2)
The second law of thermodynamics states that energy dissipation of a material
system should not be negative, so the following inequality holds:
P : F˙ − Ψ˙ ≥ 0 (4.3)
where P is the first Piola-Kirchhoff stress and a dot indicates a time derivative.
The first term describes the mechanical power supplied to the material and the
second term describes material internal energy change. Considering an isother-
mal process, the inequality can be expanded as:
(P : F˙ − ∂Ψ
∂F
: F˙) −
∑
θ
∂Ψ
∂Dθ
D˙θ −
∑
θ
∑
i
∂Ψ
∂ξθi
ξ˙θi ≥ 0 (4.4)
Since inequality 4.4 holds for arbitrary load history, the stress response can
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be calculated as:
P =
∂Ψ
∂F
(4.5)
The material model should comply with thermodynamic restrictions:
− ∂Ψ
∂Dθ
D˙θ ≥ 0, −∂Ψ
∂ξθi
ξ˙θi ≥ 0 (4.6)
The fiber stretch λθ of a fiber set at direction Nθ is related to macroscopic
deformation gradient through:
λθ =
√
CNθ • Nθ (4.7)
where C = FTF is the right Cauchy-Green deformation tensor. The stress re-
sponse of a material point can be calculated as:
P =
∂Ψ
∂F
= ν f
∑
θ
νθ(1 − Dθ) ∂Φ
∂λθ
∂λθ
∂F
(4.8)
The first derivative on the right hand side of 4.8 is evaluated by recognizing that
fiber engineering stress sθf and stretch ratio λ
θ are a work conjugate pair for a 1D
member.
∂Φ
∂λθ
= sθf (4.9)
The second derivative contains kinematic information only and can be simpli-
fied as:
∂λθ
∂F
=
∂(CNθ • Nθ) 12
∂F
= (CNθ • Nθ)− 12 · (FNθ ⊗ Nθ)
(4.10)
Then, the first Piola-Kirchhoff stress at a material point is:
P = ν f
∑
θ
νθ(1 − Dθ)sθf
FNθ ⊗ Nθ
(CNθ • Nθ) 12
(4.11)
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The Cauchy stress σ is related to the first Piola-Kirchhoff stress through:
σ =
1
J
PFT (4.12)
where J is the determinant of F. Since we are constructing a 2D continuum
model, J describes material planar area change with deformation.
4.3.2 Fiber model
In the derivation of the network model, fiber strain energy density Φ does not
take any specific form. Hence, any thermodynamically consistent constitutive
law for the fiber can be used within the framework. In this work, we adopt a
simple 1D elastic-viscoplastic model to describe fiber behavior modified from
Silberstein and Boyce (2010).
We assume multiplicative decomposition of elastic and plastic stretches (Lee,
1969):
λ = λeλp (4.13)
where λe is the elastic stretch and λp is the plastic stretch. The evolution of λp is
related to the plastic stretch velocity gradient Dp through:
λ˙p = Dpλp (4.14)
The elastic strain energy density of a single fiber takes the following classical
quadratic form:
Φ =
1
2
E f (λe − 1)2 (4.15)
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where E f is the fiber elastic modulus. The engineering stress s f is calculated by
taking the derivative of strain energy density with respect to the total deforma-
tion λ:
s f = E f
λe − 1
λp
(4.16)
The Cauchy stress is related to engineering stress through σ f = s fλ.
The magnitude of the plastic velocity gradient γ˙p takes the following expo-
nential form:
γ˙p = ˙o sinh
( |σ f |
s
)
(4.17)
where ˙o is the pre-exponential coefficient and s is the shear resistance to plastic
flow. Dp is related to γ˙p through:
Dp = γ˙psign(σ f ) (4.18)
In modeling the roll-over yielding phenomena observed in fibers like
polypropylene, the shear resistance is taken to have two parts:
s = s1 + s2 (4.19)
The first part of the shear resistance s1 initiates at 0 and evolves with plastic
strain λp until s1 reaches a saturated value ssat. The second part s2 takes a power
law form with respect to λp:
s˙1 = h
(
1 − s1
ssat
)
γ˙p (4.20)
s˙2 = s0(λp)nγ˙p (4.21)
where h controls the approach of s1 to ssat, s0 is the initial value of s2, and n is the
post-yield hardening exponent.
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4.3.3 Bond damage model
We zoom-in to individual bond structures to determine when a bond is broken
on fiber set Nθ and to evaluate the effect of a bond breaking on the damage state
Dθ. We assume that all fiber sets follow the same damage law (note that this
does not imply that they will have the same damage under macroscopic load-
ing). As shown in Figure 4.4a, each fiber consists of many bond structures. Each
bond structure (Figure 4.4b) is approximated here as one fiber at angle θ (seg-
ments 1 and 2) and one fiber at angle θ+ 90o (segments 3 and 4). When a bond is
broken, it affects the damage states in both the θ and θ + 90o orientations, there-
fore we consider Dθ = max{Dθ,Dθ+90o}. Within a bond structure (θ superscript
implied for the remaining portions of this section), the horizontal fiber segment
stretches and engineering stresses are λ1, λ2, s f1 and s f2, respectively. Under
quasi-static loading, at each time step, fiber segment forces are balanced within
a bond structure. The resultant force of fiber 1 and 2 is the traction load on the
bonded interface. A bond breaks when this resultant force exceeds a critical
value. If local deformation of a network is affine, then micro stretches λ1 and λ2
are equal to the overall stretch of the fiber λ, and s f1 = s f2 and the traction load
applied on the bond is zero. In non-wovens, however, local deformation is not
affine (Hatami-Marbini and Picu, 2008). s f1 and s f2 are balanced by sn, which is
the sum of engineering stresses of segments 3 and 4 in horizontal fiber direction
(Figure 4.4d).
To model the above mentioned non-affine deformation and local force bal-
ance within a continuum mechanics framework remains a difficult task. Re-
searchers have developed a variety of approaches to provide the linkage be-
tween local deformation and macroscopic deformation. To name a few,Tkachuk
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Figure 4.4: (a) Each fiber in a non-woven contains many bond structures.
(b) Each bond structure contains four fiber segments and its
deformation is assumed independent from each other. (c) De-
formed configuration of a bond structure. (d) Engineering
stresses of fiber 1 and fiber 2 are s f1 and s f2, respectively. The
contribution of fiber segments 3 and 4 in the direction of fibers
1 and 2 is replaced by term sn. The resultant force carried by
segment 3 and 4 is sn multiplied by the initial fiber cross sec-
tion area.
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and Linder (2012) utilized the principle of minimum averaged free energy to
determine microscopic fiber stretch, with the kinematic constraints imposed by
maximum advance paths theory considered. Kroon (2011) introduced a phe-
nomenological term into the strain energy function of rubber-like material to pe-
nalize the non-affine deformation of polymer chains. Also for modeling rubber
elasticity, Miehe et al. (2004) related chain micro-stretch fluctuation to macro-
stretch through a p-root averaging operator.
In this work, our strategy is to solve the boundary value problem of fibers
stretching at a bond site and hence determine the traction load on the bonded
interface. We introduce a phenomenological description of sn to model local
force balance at a bond. Assuming that at any given macroscopic deformation
F the directions of s f1 and s f2 are always in line with FN and all fibers have the
same initial fiber diameter d:
s f1 + sn − s f2 = 0 (4.22)
The phenomenological term sn takes the following form:
sn =
P
(1 − D)β
s3f1
E2f
(4.23)
where P and β are model parameters. The form of sn is inspired by the elastic
solution to stretching a fiber-fiber crossing at small strains (see appendix, sec-
tion 4.6). Introducing sn is equivalent to adding a nonlinear spring between the
ends of fiber segment 1. sn drives the differences between the micro-stretches
in segment 1 and 2 and from macro-stretch λ, so the affine field assumed in the
network model is converted to a non-affine field analogous to the real physical
picture. Parameter P describes the degree of non-affinity in a fiber network in
the undamaged state. P = 0 indicates fully affine deformation, i.e. s f1 = s f2.
Greater P indicates a greater non-affine micro deformation field. Parameter β
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controls the evolution of sn with damage. Greater β corresponds to the degree
of non-affinity increasing more rapidly with bond damage.
Another boundary condition for the local force balance on the bond structure
comes from the constraints of the surrounding network. The network deforms
affinely when sn = 0. Fiber segment engineering stresses (s f1 and s f2) are then
equal to the overall fiber stress (1 − D)s f in equation 4.11, where s f is related
to fiber macro-stretch λ. Fiber segment stretches (λ1 and λ2) are equal to fiber
macro-stretch λ. By introducing sn, s f2 is greater than (1−D)s f , and λ1 + λ2 , 2λ.
We assume superposition is applicable when comparing the two cases of sn = 0
and sn , 0. Introducing sn leads to a change in fiber stress s f2 which can be seen
as a pulling force on the surrounding network. This pulling force causes the
combined end to end length of fibers 1 and 2 to shrink by l(2λ− λ1 − λ2), where l
is fiber segment length. This physical picture can be approximated as a pressure
dipole acting on a continuum solid (see appendix, section 4.6). The following
equation then holds:
s f2 − (1 − D)s f = ηEn(2λ − λ1 − λ2) (4.24)
where coefficient η is a function of d, l and network thickness t. Here, En is equal
to initial network modulus 13ν fE f (Cox, 1952) scaled by the damage state on this
fiber:
En =
1
3
ν f (1 − D)E f (4.25)
Fiber stresses s f1 and s f2 are related to stretches λ1 and λ2 through the fiber
constitutive laws. Using equations 4.23 and 4.24 and fiber constitutive laws, λ1
and λ2 as well as s f1 and s f2 can be determined.
Having fiber stresses at hand, the resultant force acting on a bonded interface
can be calculated by pi4d
2(s f2 − s f1). We assume that all bonds break in a brittle
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manner with bond strength (b) on the fiber set. We define the damage activation
function as:
Φd =
pid2
4
(s f2 − s f1) − b (4.26)
where Φd only takes non-positive values. Φd is a function of D and current fiber
stress states, and defines a damage surface in stress space. When Φd < 0, dam-
age is not activated. When Φd = 0, the damage state is updated. The damage
model is supplemented by the two loading-unloading conditions given as equa-
tions 4.27 and 4.28 (Simo and Hughes, 2006). The Kuhn-Tucker condition:
D˙ ≥ 0, Φd ≤ 0, D˙Φd = 0 (4.27)
states that when Φd is not activated (Φd < 0), the damage variable is not up-
dated (D˙ = 0); when damage is accumulating (D˙ > 0), Φd = 0. The persistency
condition:
D˙Φ˙d = 0, if Φd = 0 (4.28)
states that damage is only evolving (D˙ > 0) when the stress state is moving on
the damage surface (Φ˙d = 0 and Φd = 0).
The kinetic law of damage evolution is defined through the functional rela-
tion between Φd and D. Fiber stresses are solved through equations 4.23 and
4.24, hence they are functions of D. The physical meaning of b is the survival
bond strength at D. Consider that each bond structure is independent from each
other and its bond strength is a random draw from the bond strength distribu-
tion. At damage state D, a fiber set loses a fraction D of the load carrying capac-
ity (network scale model equation 4.11) and a fraction D of bonds are broken
on the fiber set. Within this construct, bonds with lower bond strength always
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break first, so b is a quantile and is related to D through:
b = CDF−1(D) (4.29)
where CDF is bond strength cumulative distribution function. Equation 4.29
completes the local constitutive damage model of individual fiber set at angle θ.
4.3.4 Non-local averaging scheme
The non-local averaging scheme introduced in this section is used to model the
spatial correlation of damage events in the fiber network structure. The con-
stitutive equations presented in sections 4.3.1, 4.3.2, 4.3.3 are local, that is the
deformation and stress response of a local material point are directly related.
However, damage in a fiber network has non-local effects. Because of fiber
connectivity within the network, a bond fracture has direct influence on load
transmission far away from the bond location (Isaksson and Ha¨gglund, 2009).
Further, a local constitutive law with damage (softening) model would lead to
mesh dependent finite element (FE) results (Jira´sek and Bazˇant, 2002). The dam-
age zone would localize into a single strip of elements and the total energy dis-
sipation would decrease as the mesh is refined. Physically, the source of this
problem is that a stress-strain based constitutive law defines energy dissipation
based on material volume, whereas damage events in a material (generation
of micro-cracks or micro-voids, or breaking bonded interfaces in non-wovens)
create new surfaces and hence traction-displacement constitutive laws should
be used. One remedy for this problem is to introduce a length scale to convert
energy dissipation from a per volume basis into a per area basis.
In this work, we apply the non-local damage theory presented in Jira´sek
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(1998) and Bazˇant (1999). The idea of this non-local damage theory is to replace
the variable that controls material softening by its non-local counterpart. Here,
we introduce λ¯θ as the non-local version of fiber stretch λθ. For a material point
at x, λ¯θ is taken as a weighted sum of local fiber stretch λθ of all the material
points in surrounding domain A (Jira´sek and Bazˇant, 2002):
λ¯θ(x) =
∫
A
α(x, ξ)λθ(ξ)dξ (4.30)
where α(x, ξ) is a given non-local function. α(x, ξ) is scaled such that λ¯θ(x) =
λθ(x) when the deformation field is uniform.
α(x, ξ) =
α0(||x − ξ||)∫
A
α0(||x − ζ ||)dζ
(4.31)
||x − ζ || is the Euclidean distance between x and ζ. The weight function α0(r)
takes the following Gaussian form:
α0(r) = exp[−(2r/lch)2] (4.32)
where lch is the length scale parameter. It is assumed that there is no interaction
between two material point when r > lch. In an FE setting, after local fiber stretch
λθ is updated at one incremental step, its value is then replaced by λ¯θ. Physically,
lch describes the maximum interaction distance within a fiber network and is
related to the initial network microstructure.
4.4 Results and discussion
As a demonstrative example, we apply the proposed model to a set of com-
mercial non-wovens, the Dupont Typar geotextile series. Three non-wovens
with different densities are considered: SF20, SF32 and SF65. These materi-
als are made through the same manufacturing process and are all composed of
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polypropylene fibers connected by thermal bonds. In the following sections,
previously published experimental characterization results of these materials
are summarized. Then, the parameter values used in the model and a parame-
ter study are presented. Finally, numerical simulation results are discussed and
compared with experiments.
4.4.1 Experimental results summary
Mechanical characterization results of the constituent fiber, fiber-fiber bonds
and these non-woven bulk materials are detailed in Chen et al. (2016a) and
Chen and Silberstein (2018) and are briefly summarized here. The constituent
fiber has diameter of 40 − 60µm and its mechanical behavior is elastic-plastic
(Figure 4.5a). The bond strength statistical distribution takes a Weibull form
(Figure 4.5b). The cumulative density function of bond strength is
CDF(b) = 1 − e−(b/b1)b2 , b ≥ 0 (4.33)
where b is the bond strength in N, b1 = 0.0778N and b2 = 1.14. The uniaxial
tensile response of three non-wovens of size 9mm×27mm are shown in Fig-
ure 4.6. All three types of non-wovens have a short elastic region, a roll-over
yield region and a highly damaged (softening) region after the peak load. The
mechanical behavior variation among specimens of a particular type is signifi-
cant, arising mainly from the randomness of the material microstructure. After
scaling mechanical properties with network density, it was found that all three
non-wovens have similar scaled modulus but the high density non-woven has
higher mechanical strength.
In-situ micro computed tomography was used in combination with tensile
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tests to monitor broken bond quantities in these non-wovens. Change in frac-
tion of surviving bonds with deformation is plotted as the inset of Figure 4.6.
In the high density non-woven (SF65), bond damage is not significant until
the rupture failure, whereas in the low density non-woven (SF20), a substan-
tial number of bonds are broken starting from small strains.
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Figure 4.5: Experimental characterization results of constituent fibers
and bonds. (a) Monotonic tensile and cyclic behaviors of
polypropylene fiber. The 1-D viscoplastic model response is
overlaid. (b) Bond strength probability density distribution.
4.4.2 Model parameters
The model parameters used in our simulation are summarized in Table 4.1.
Fiber density and fiber diameter values of the three non-wovens are taken from
the manufacturer product datasheet (DuPont, 2014). Fiber segment length l and
network thickness t in the micro-force balance equation 4.24 are taken from
Chen et al. (2016a). Based on our imaging results, fibers are uniformly dis-
tributed within the plane. Therefore, fibers are grouped into 20 fiber sets with
angles uniformly spanning across [0, pi). Fiber elastic modulus E f is directly
measured from the fiber tensile stress-strain curve. The pre-exponential coef-
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Figure 4.6: Experimental and simulation stress-strain curves of (a)SF20,
(b)SF32 and (c)SF65. The three experimental curves represent
maximum, median and minimal strength cases. Simulation
results are depicted with blue lines. Surviving bond fraction
measured by in-situ micro computed tomography and pre-
dicted by simulation are compared in the insets.
ficient ˙0 is taken as a very small value due to limited fiber time dependent
behavior. The other four parameters that control fiber plastic flow (initial shear
resistance s0, post-hardening exponent n, rate of shear resistance evolution h and
saturated shear resistance ssat) are obtained by fitting the viscoplastic model re-
sponse to the fiber monotonic tensile experimental data (Figure 4.5a). The bond
strength distributions in three non-wovens are taken as the same since all these
materials are manufactured through the same process.
Local damage is controlled by parameters P and β. Fiber segment stresses,
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micro-stretches and damage evolution with deformation (far field stretch λ)
within one fiber set for two sets of P and β are shown in Figure 4.7. By in-
troducing the non-affinity term sn, the micro-stretches of the two fiber segments
(λ1 and λ2) deviate from the far field stretch. Damage initiates at small strains
since the bond strength distribution skews to low strength values. This early
initiation is consistent with experimental observations in Ridruejo et al. (2011).
Parameter P describes how far local deformation is from affine deformation.
Dense networks are closer to a continuum solid, so P will take a lower value
than for sparse networks. Parameter β describes the increase in non-affinity
with damage accumulation and hence prescribes the damage evolution rate. A
dense network has rapid damage accumulation after localization, so β is ex-
pected to take a high value. Figures 4.7a-b are for P = 30 and β = 0.1, values
corresponding to a sparse network. In this case, both fiber segment stresses in-
crease monotonically. Figures 4.7c-d are for P = 4 and β = 1.6. In this case, the
damage evolution rate is lower at the early stage of deformation than the sparse
network case. The two fiber segments have similar stress response before the
rupture failure (far field stretch ≈ 1.6) and both experience some unloading af-
ter this major damage event. The exact values of P and β for each areal density
are chosen to fit the uniaxial tensile stress-strain curves.
Parameter lch describes the spatial correlation of damage. It controls the
strain at which localization occurs and damage zone sizes. Figure 4.8 shows
the effects of lch on the macroscopic stress-strain behavior. When lch = 27mm,
the whole specimen deforms homogeneously and localization does not occur.
For the other cases, the stress-strain curves deviate from the homogeneous de-
formation case. The bifurcation point is when damage starts to localize in one
part of the specimen. A smaller lch leads to a more drastic decrease in load carry
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Figure 4.7: Non-affine deformation and damage on a single fiber popu-
lation. (a)-(b) P = 30, β = 0.1. (c)-(d) P = 4, β = 1.6. Fiber
segment engineering stresses s f1 and s f2 (left) and stretches λ1,
λ2 (right) are plotted. sn is the magnitude of non-affinity term
introduced. (1 − D)s f is the overall stress carried by a fiber set.
capacity after the peak load and a smaller damage localization zone size. The
direct linkage between lch and network geometry is not yet clear. In the gradient
enhanced damage model developed in Isaksson et al. (2004), the internal length
scale was taken as two times of fiber length. For the Typar non-wovens we con-
sider in this work, the fibers are longer than the specimens, so lch should instead
be comparable with the specimen dimensions. lch is taken as 9.0mm (specimen
width) for the sparse network (SF20). For SF32 and SF65, lch is assumed to scale
relative to SF20 with network areal weight.
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Figure 4.8: The effects of length scale lch on macroscopic stress-strain
curves. The other model parameters are the same as SF20 in
Table 4.1.
4.4.3 Full specimen simulation results
The proposed model is implemented into the commercial FE package ABAQUS
as a user subroutine VUMAT. The 9mm×27mm specimen domain is discretized
into 20 × 60 CPS4R elements (2D four node bi-linear element with reduced in-
tegration). One element in the middle of the specimen domain has 0.9ν f and
serves as a “defect” to guide the location of damage localization. The introduc-
tion of this small “defect” does not affect the macroscopic mechanical response
prior to localization. Element deletion is triggered when overall damage at a
material point
∑
θ ν
θDθ is greater than 0.999. For uniaxial tension, one short edge
of the specimen has fixed Cartesian coordinates and the other short edge moves
in the loading direction with constant speed at 0.1mm/s. Two lateral edges are
traction free. The loading speed is chosen to approximate quasi-static loading
condition. All simulations in this work use ABAQUS/Explicit as FE solver.
The stress-strain curves from these simulations are superposed on the cor-
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Table 4.1: Model parameters
Model component Parameter SF20 SF32 SF65
Network geometry
ν f 0.205 0.270 0.394
νθ 1/20 1/20 1/20
l 0.24mm 0.19mm 0.13mm
t 0.35mm 0.45mm 0.59mm
d 0.05mm 0.05mm 0.05mm
Fiber properties
E f 2400MPa
˙0 10−18
s0 1.73MPa
n 4.96
h 41.55MPa
ssat 10.68MPa
Bond properties
b1 0.0778N
b2 1.14
Damage
P 30 8 4
β 0.1 1.0 1.6
lch 9.0mm 5.4mm 2.7mm
responding experimental results in Figure 4.6. It can be seen that our proposed
model can capture the non-linear hardening and post peak damage region for
all three types of non-wovens. In the low density non-woven (SF20), peak load
is achieved at smaller strain compared to SF32 and SF65, indicating that more
damage is accumulated during the early stages of deformation. The damage
evolution after the peak load in SF20 is gradual. In the high density non-woven
(SF65), after the material reaches the peak load, the stress response first grad-
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ually decreases and then drops rapidly when damage localization occurs. For
the intermediate density non-woven (SF32), in the median specimen, stress re-
sponse drops rapidly after the peak load just like SF65. After this major damage
event, the specimen can still carry load since there are still a few fibers connect-
ing the two ends. The gradual SF32 behavior can be fit with P and β values
intermediate to those of SF20 and SF65. It should be noted that in all three non-
wovens a great amount of damage is developed before the peak load. The non-
linear hardening region is a result of both fiber plastic straining and network
damage accumulation, which are explicitly included in the model. The bond
survival fraction corresponding to each simulation is shown in the insets of Fig-
ure 4.6. It is shown that the damage evolution predicted by the FE simulation
matches well with the imaging results, further validating the model.
To evaluate the ability of the model to capture damage localization sizes in
different density non-wovens, we compared the simulated and experimental
deformed configurations of SF20 and SF65. It can be seen experimentally that
in SF20 the damage localization zone is quite large (over half of the specimen
area), whereas in SF65, damage develops from small regions and ruptures the
sample (Figure 4.9). This difference in damage localization zone size is well
captured by the FE simulations (Figure 4.10). At a strain of 0.1, both SF20 and
SF65 have almost homogeneous damage distributions, but the magnitude of
damage in SF20 is higher. In the post-localization regime, the damage zone in
SF20 is much larger than in SF65.
The mechanical behaviors of the three types of non-wovens have great spec-
imen to specimen variations (Figure 4.6). One source of this variation is that
different specimens have different fiber volume fractions ν f . In order to model
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Figure 4.9: Images of SF20 (a, c, e) and SF65 (b, d, f) at engineering strains
 = 0.1, 0.43 (before SF65 rupture failure) and 0.43 (after SF65
rupture failure).
this variation, we characterized ν f variation in three types of non-wovens exper-
imentally. Table 4.2 lists ν f values of five specimens of each type of non-woven
cut from different regions in a raw bulk material. The mean and standard de-
viation of ν f are reported. (Note that the ν f measurements are different from
the manufacturer datasheet. This is probably because the micrometer compres-
sion force is different so the thickness measurement is different). We calculated
the ratio between the ν f of each specimen and the mean value, and used these
ratios to adjust ν f in the model. In Figure 4.11, the blue bands are the model
predicted specimen to specimen variation of mechanical behaviors. The band
width increases following the sequence of SF20, SF65 and SF32. In all three
type of materials, volume fraction variation is not sufficient to capture the full
band of observed behavior. Other sources of the variation include variation of
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Figure 4.10: Damage contours of SF20 (a, c, e) and SF65 (b, d, f) at engi-
neering strains  = 0.1, 0.47 (before SF65 rupture failure) and
0.47 (after SF65 rupture failure).
bond strength distributions and spatial heterogeneity within a specimen. Both
of these two sources can be easily incorporated in the proposed model. More
detailed analysis and characterization is needed to provide quantitative infor-
mation of these two material heterogeneities. (A discussion of heterogeneity
and size effect in different fiber network materials can be found in Shahsavari
and Picu (2013b)).
4.5 Conclusion
In this chapter, we present a micromechanically based damage model for non-
woven fiber networks. The constitutive equations are established by modeling
the individual interfiber bond breaking process and then relating the fraction of
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Table 4.2: Fiber volume fraction characterization results
SF20 SF32 SF65
Specimen 1 0.269 0.338 0.510
Specimen 2 0.276 0.380 0.452
Specimen 3 0.306 0.349 0.502
Specimen 4 0.279 0.307 0.497
Specimen 5 0.303 0.402 0.481
Average 0.29 0.36 0.49
Standard deviation 0.02 0.04 0.02
bond breakage to the macroscopic non-woven stress. We introduce a physically-
inspired phenomenological term to describe non-affine deformation of fibers at
a bonding site. The effects of network structure on the degree of non-affinity
is considered in this term. By solving a boundary value problem at a bonding
site, we determine the traction load on a bonded interface and hence determine
whether a bond is broken. The spatial correlation of damage is an intrinsic char-
acteristic of a fiber network. We use a non-local averaging scheme to model this
mechanism. The proposed model is applied on a series commercial non-wovens
as a demonstrative example. The model reproduces all the features of a uniaxial
tensile curve including the elastic and plastic slopes, peak load and degradation
after peak load. The damage localization zone size qualitatively matches with
experimental observations. The accuracy of microscopic damage information
(fraction of bond damage) predicted by the model is confirmed by comparing
with µCT imaging results.
This model can be applied to all fiber network materials where inter-fiber
bond damage is a major damage mechanism. The model incorporates network
98
Figure 4.11: Model predicted variations in stress-strain curves (blue band)
when variations of fiber volume fraction ν f is incorporated.
The black lines are experimental results as detailed in the pre-
vious sections.
microstructural effects on damage and network internal length scales. It can
be further used to study the fracture behaviors of non-wovens, like crack-tip
damage zone sizes and crack growth. It can also be used to predict strength and
toughness of non-wovens with different sizes.
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4.6 Appendix
Appendix A: Elastic solution of single bond deformation
A simplified boundary value problem for a bond structure deforming is shown
in Figure 4.12. One horizontal fiber of length 2l (segment 1 and 2) and one
vertical fiber of length k × 2l (segment 3 and 4) are connected at a bond. In
this simplified model, all the bonds are modeled as rotating joints (Picu, 2011)
so fiber axial deformation mode is the dominate deformation mode. This is
because axial stress transfer mode instead of fiber bending is the major load
transfer mechanism in a fiber network material (Ra¨isa¨nen et al., 1997). One end
of segments 1, 3 and 4 are connected to the surrounding network, and their
Cartesian coordinates are fixed. As the free end of segment 2 is pulled, all fiber
segments deform and their strains are denoted as 1, 2, 3, and 4. The average
strain of segment 1 and 2 is . Assuming small deformation, the strains can be
calculated as:
1 = k tan θ (4.34)
2 = 2 − k tan θ (4.35)
3 = 4 =
1
cos θ
− 1 (4.36)
where θ is the angle between segment 3 and the vertical direction. The fibers are
assumed to be linear elastic with elastic modulus E f . Equilibrium at a bonding
site is:
2E f 3 sin θ + E f 1 − E f 2 = 0 (4.37)
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The traction load on the bonded interface is:
sn = 2E f 3 sin θ
= 2E f
1k −
√
21
k2 + 21
 (4.38)
Performing a Taylor expansion of the above equation at 1 = 0 and taking only
the first term, we have:
sn = E f
(
31
k3
+ h.o.t
)
≈
s3f1
k3E2f
(4.39)
where s f1 is fiber stress in segment 1. For finite deformation, anchors that move
with the network and elastic-plastic fiber behavior, we therefore propose a trac-
tion load of the form sn = P(1−D)β
s3f1
E2f
(equation 4.23).
Figure 4.12: A bond structure in (a) undeformed and (b) deformed config-
urations.
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Appendix B: Elastic solution of a pressure dipole on an infinite
plate
In this section, we provide the analytical solution of a pressure dipole on
an infinite plate problem and relate this solution to the boundary condition
in equation 4.24. Introducing the non-affinity term sn to our bond structure
model makes fiber segment stress s f2 greater than in the affine deformation case
(1 − D)s f . This change in fiber stress makes the two ends of the horizontal fiber
closer by l(2λ − λ1 − λ2) (segment 1 and 2 in Figure 4.13) . In order to find the
relationship between this change in fiber stress and network shrinkage, we ap-
proximate this configuration as a pressure dipole (fiber stress) applied on an
infinite plate (network) (Figure 4.14b). To solve the pressure dipole problem,
we first consider the that a point force P (unit [N/m], a line load in thickness
direction) is applied on an infinite plate (Figure 4.14a). The stress field of this
problem is given in Timoshenko and Goodier (1951):
σrr = − (3 + ν)4pi
P cos θ
r
σθθ =
1 − ν
4pi
P cos θ
r
σrθ =
1 − ν
4pi
P sin θ
r
(4.40)
where (r, θ) is the polar coordinate of a point of interest. Assuming that the solid
is linear elastic and plane stress conditions hold, one can obtain the strain field
using rr = 1Eσrr − νEσθθ, θθ = −νE σrr + 1Eσθθ and rθ = 1+νE σrθ as:
rr =
(ν − 3)(ν + 1)
4piE
P cos θ
r
θθ =
(ν + 1)2
4piE
P cos θ
r
rθ =
1 − ν2
4piE
P sin θ
r
(4.41)
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where E and ν are elastic modulus and Poisson' s ratio of the elastic solid. The
displacement field (ur, uθ) is related to strain field through rr = ∂ur∂r , θθ =
ur
r +
1
r
∂uθ
∂θ
and rθ = 12
(
1
r
∂ur
∂θ
+ ∂uθ
∂r − uθr
)
. The displacement field can therefore be calculated
by integrating equation 4.41.
ur =
−k1
piE
P cos θ ln
r
m
uθ =
−k1
piE
P sin θ ln
m
r
+
k2
piE
P sin θ
(4.42)
where m is an integration constant that represents rigid body movement. The
displacement ur = 0 at location (r, θ) = (m, 0). k1 and k2 are defined as:
k1 = −ν
2 − 2ν − 3
4
k2 =
(ν + 1)2
4
(4.43)
On the vertical plane (x = 0), the indentation distance is:
u0 = uθ|θ=− pi2 =
k1
piE
P ln
m
r
− k2
piE
P (4.44)
We now extend the above solution to the pressure dipole problem in Fig-
ure 4.14b. Pressure load 1 with magnitude q is applied on x = 0, 0 ≤ y ≤ d,
pointing to positive x direction. Pressure load 2 with the same magnitude is
applied on x = L, 0 ≤ y ≤ d, pointing to negative x direction. L is two times
fiber segment length l. For each pressure load, the displacement field can be
calculated by integrating the point load solution equation 4.42 over the area of
this applied pressure. The indentation distance profile on x = 0 plane caused by
pressure load 1 is v1(y):
v˜1 =
q
piE
{
k1
[
ln m˜ − y˜ ln y˜ − (1 − y˜) ln(1 − y˜)
]
+ k1 − k2
}
(4.45)
where we have introduced normalized variables v˜1 = v1/d, y˜ = y/d and m˜ = m/d.
The indentation distance profile on x = L plane caused by pressure load 1 is
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Figure 4.13: (a) Affine deformation of a bond structure. Fiber stretches
in segment 1 and 2 are the same and can be calculated from
equation 4.7. (b) Non-affine deformation of a bond structure.
Fiber stretches in segment 1 and 2 are different. The relation-
ship between these two physical pictures is approximated by
a pressure dipole on an infinite plate problem.
Figure 4.14: (a) A line load P applied on an infinite plate. P is in plane and
is defined as force per unit length in thickness direction. (b) A
pressure dipole q applied on an infinite plate. q is related to
fiber stress through equation 4.49
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v2(y) (normalized variables: v˜2 = v2/d, L˜ = L/d):
v˜2 =
q
piE
{
k1 ln
m˜√
L˜2 + (1 − y˜)2
+ k1y˜ ln
√
L˜2 + (1 − y˜)2√
L˜2 + y˜2
−(k1 + k2)
[
1 + L˜ arctan
(
− y˜
L˜
)
− L˜ arctan
(
1 − y˜
L˜
) ]} (4.46)
The total indentation profile on plane x = 0 is w(y) (normalized variable: w˜ =
w/d).
w˜ = v˜1 − v˜2 (4.47)
Average indentation distance over the area where the pressure load is applied
(x = 0, 0 ≤ y ≤ d) is:
¯˜w =
∫ 1
0
w˜dy˜ (4.48)
We apply the above solution to the boundary condition in equation 4.24.
s f2 − (1 − D)s f = ηEn(2λ − λ1 − λ2)
The goal is to determine η based on network microstructure geometry. We con-
sider fiber stress s f2 − (1 − D)s f is evenly distributed over the network thickness
direction, so pressure q in the pressure dipole problem can be calculated as:
pi
4
d2
[
s f2 − (1 − D)s f ] = q · t · d (4.49)
where t is network thickness. The average indentation distance is horizontal
fiber length differences between affine and non-affine case (Figure 4.13):
¯˜w =
l
2d
(2λ − λ1 − λ2) (4.50)
The coefficient η is then evaluated as:
η =
2t
d
· l
K
(4.51)
where
K =
∫ 1
0
(v˜1 − v˜2) · piEq dy˜ (4.52)
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CHAPTER 5
CONCLUSION AND FUTURE WORK
5.1 Conclusion
The overarching goals of this dissertation are (1) to provide an accurate physi-
cal picture of non-woven damage mechanics (2) to build a physically sound and
computationally efficient non-woven material model. To achieve these goals, I
first performed mechanical tests on a series of non-wovens with in-situ imaging
techniques incorporated. The effects of network microstructure on deformation
mechanisms, and the linkage between deformation mechanisms and macro-
scopic behaviors were elucidated (Chapter 2). In high fiber density non-wovens,
bond density was high and fiber segments were short. Fiber segments had low
aspect ratios (stubby) so bending deformation mode was suppressed and fiber
alignment process was not significant until peak load. Dense networks had
less bond damage than sparse ones before peak load. The mechanical strength
of dense networks was also higher. Before moving on to material modeling, I
found that there is no effective method for characterizing bond properties even
though bond fracture is a major damage mechanism. Motivated by this need,
I developed a new method for bond strength characterization and this method
was presented in Chapter 3. In addition to providing bond strength values, the
image based discrete network model and the artificial network model can be
further used to study micromechanics of all fiber network materials. Finally, the
observed micromechanics information was incorporated into a homogenized
model to capture damage at finite strains. The proposed model links network
microstructure features to macroscopic response and hence can provide guid-
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ance on manufacturing processes and help facilitate future material design.
5.2 Future work
One interesting possible extension of this work is to explicitly investigate the
fracture behavior of non-wovens. Several researchers have tested non-wovens
with cracks or notches. Some interesting phenomena were observed:
• The damage process zone in low density paper was quite large. In a sin-
gle edge crack specimen, the crack did not always grow along the original
crack plane and the directions of crack growth paths had great specimen to
specimen variation. The damage process zone in high density paper was
small and the crack grew straight ahead following the prediction of max-
imum hoop stress theory (Isaksson and Ha¨gglund, 2009; Isaksson et al.,
2012).
• Some glass fiber felts were notch-insensitive, that is the mechanical
strength was independent of notch size. Two mechanisms were presented
in Ridruejo et al. (2010) and Chen et al. (2016b) that explain this phe-
nomenon: (1) the randomness in fiber layout and bond properties lead
to the presence of “weak paths” in a network structure and fracture may
not localize at the crack (2) fibers far away from the crack transmit loads
away from the crack and reduce the severity of the stress concentration.
• Some tissue scaffolds had significant crack blunting at finite deforma-
tions. Under mode-I loading, fibers ahead of the crack tended to group
together, aligned along the loading direction and forming a “shield” on the
crack. This crack-blunting mechanism strengthens material and increases
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its load carrying capacity. This explains the inverse notch-sensitivity phe-
nomenon observed in some geotextiles (Koh et al., 2013; Koh and Oyen,
2015; Ridruejo et al., 2015).
These experimental observations are distinct from the predictions of classi-
cal fracture mechanics theory. This difference is due to the internal length scale
of a network structure (fiber length) being comparable with macroscopic length
scales (specimen size, crack length). The interplay between these two length
scales is not yet clear. Theoretical frameworks and predictive models for non-
woven fracture behavior have not been well established, especially for finite
deformation cases. The numerical tools developed in this dissertation (discrete
network model in Chapter 3 and homogenized model in Chapter 4) can be fur-
ther used to study the crack-tip field, crack growth and fracture criteria of non-
wovens.
Second interesting extension would be to find a master curve that relates
non-woven microstructure features (fiber density, fiber aspect ratio, crosslink
density, etc.) to macroscopic properties (elastic modulus, strength, toughness).
Such master curves have been established in Head et al. (2003); Wilhelm and
Frey (2003); Shahsavari and Picu (2013a), but the results are all based on small
deformation assumptions and nonlinearities in fiber and bond behaviors are
not considered. It has been shown that interfiber bond breakage can happen
starting from small strains, and a lot of non-wovens experience great structural
change under finite deformations. The bond strength data and discrete network
model presented in Chapter 3 can be used to establish such a master curve and
to predict material strength and toughness. The advancement of modern manu-
facturing methods, like 3-D printing, makes it possible to quickly prototype new
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non-wovens. These manufacturing methods in combination with the character-
ization methods in Chapter 2 can be useful in validating theoretical predictions
from the master curves. The establishment of such master curves would greatly
benefit future non-woven material design.
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